Antenna 
Handbook - 


VOLUME | FUNDAMENTALS AND 
MATHEMATICAL TECHNIQUES 


Edited by 
Y. T. Lo 


Electromagnetics Laboratory 
Department of Electrical and Computer Engineering 
University of Illinois- Urbana 


S. W. Lee 


Electromagnetics Laboratory 
Department of Electrical and Computer Engineering 
University of Illinois- Urbana 


Lane 
P 


i 1-2 
СУ, ШОН 
и E d Пэн pa се сте ы 
284 ^ 
1 КРК. А. 
' П aby 1 
ах 
t У 5 ВА ХАД i 
ae 1 Bay on 
К АР ES 2. Tv Cf EA 


CHAPMAN & HALL 818 |: i^ 


КОР An International Thomson Publishing Company 42323 ла 


А 


New York • Albany • Bonn • Boston • Cincinnati • Detroit * London • Madrid • Melbourne • 
Mexico City • Pacific Grove • Paris • San Francisco • Singapore • Tokyo • Toronto • Washington 


€ 


Copyright © 1993 by Van Nostrand Reinhold 


This edition published by Chapman & Hall, New York, NY 
Printed in the United States of America 


For more information contact: 


Chapman & Hall Chapman & Hall 

115 Fifth Avenue 2-6 Boundary Row 

New York, NY 10003 London $Е1 8HN ‘ 
England 

Thomas Nelson Australia Chapman & Hall GmbH 

102 Dodds Street Postfach 100 263 

South Melbourne, 3205 D-69442 Weinheim 

Victoria, Australia Germany 

Nelson Canada International Thomson Publishing Asia 

1120 Birchmount Road 221 Henderson Road #05-10 

Scarborough, Ontario Henderson Building 

Canada MIK 5G4 Singapore 0315 

International Thomson Editores International Thomson Publishing - Japan 

Campos Eliseos 385, Piso 7 Hirakawacho-cho Kyowa Building, 3F 

Col. Polanco 1-2-1 Hirakawacho-cho 

11560 Mexico D.F. Chiyoda-ku, 102 Tokyo 

Mexico Japan 


All rights reserved. No part of this book covered by the copyright hereon may be reproduced or used in any form or by any means--graphic, 
electronic, or mechanical, including photocopying, recording, taping, or information storage and retrieval systems--without the written 
permission of the publisher. 


2345678 9 XXX 01 00 99 98 97 96 
Library of Congress Cataloging-in-Publication Data 


The antenna handbook/edited by Y. T. Lo and S. W. Lee 
р. Ст. 
Includes bibliographical references and indexes. 
Contents: v. 1. Fundamentals and mathematical techniques--v. 2. Antenna theory--v. 3. Applications--v. 4. Related topics. 
ISBN 0-442-01592-5 (v. 1).--ISBN 0-442-01593-3 (v.2).--ISBN 0-442-01594-1 (v. 3).--ISBN 0-442-01596-8 (v. 4) 
1. Antennas (Electronics) 1. Lo, Y.T. И. Lee, S. W. 
ТК7871.6.А496 1993 93-6502 
621.382'4--dc20 CIP 


Visit Chapman & Hall on the Internet http://www.chaphall.com/chaphall. html 


To order this or any other Chapman & Hall book, please contact International Thomson Publishing, 7625 Empire Drive, Florence, KY 
41042. Phone (606) 525-6600 or 1-800-842-3636. Fax: (606) 525-7778. E-mail: order@chaphall.com. 


For a complete listing of Chapman & Най titles, send your request to Chapman & Hall, Dept. BC, 115 Fifth Avenue, New York, NY 10003. 


Contents 


Volume | FUNDAMENTALS AND MATHEMATICAL 


TECHNIQUES 


1. Basics 
$. W. Lee 


2. Theorems and Formulas 
S. W. Lee 


3. Techniques for Low-Frequency Problems 
A. J. Poggio and E. K. Miller 


4. Techniques for High-Frequency Problems 
P. H. Pathak 


Appendices 


The Frequency Spectrum 

Electromagnetic Properties of Materials 

Vector Analysis 

VSWR Versus Reflection Coefficient and Mismatch Loss 
Decibels Versus Voltage and Power Ratios 


mmoow» 


Index 


Physical Constants, International Units, Conversion of Units, and Metric Prefixes 


A-3 


C-1 
D-1 


F-1 


Ргеїасе 


During the past decades, new demands for sophisticated space-age communication 
and remote sensing systems prompted a surge of R & D activities in the antenna 
field. There has been an awareness, in the professional community, of the need for 
a systematic and critical review of the progress made in those activities. This is 

, evidenced by the sudden appearance of many excellent books on the subject after 
a long dormant period in the sixties and seventies. The goal of this book is to 
compile a reference to complement those books. We believe that this has been 
achieved to a great degree. 

A book of this magnitude cannot be completed without difficulties. We are 
indebted to many for their dedication and patience and, in particular, to the forty- 
two contributing authors. Our first thanks go to Mr. Charlie Dresser and Dr. 
Edward C. Jordan, who initiated the project and persuaded us to make it a reality. 
After smooth sailing in the first period, the original sponsoring publisher had some 
unexpected financial problems which delayed its publication three years. In 1988, 
Van Nostrand Reinhold took over the publication tasks. There were many unsung 
heroes who devoted their talents to the perfection of the volume. In particular, 
Mr. Jack Davis spent many arduous hours editing the entire manuscript. Mr. 
Thomas R. Emrick redrew practically all of the figures with extraordinary precision 
and professionalism. Ms. Linda Venator, the last publication editor, tied up all of 
the loose ends at the final stage, including the preparation of the Index. Without 
their dedication and professionalism, the publication of this book would not have 
been possible. 

Finally, we would like to express our appreciation to our teachers, students, 
and colleagues for their interest and comments. We are particularly indebted to 
Professor Edward C. Jordan and Professor George A. Deschamps for their 
encouragement and teaching, which have had a profound influence on our careers 
and on our ways of thinking about the matured field of electromagnetics and 
antennas. 


This Preface was originally prepared for the first printing in 1988. Unfortunately, it was omitted at that 
time due to a change in the publication schedule. Since many readers questioned the lack of a Preface, 
we are pleased to include it here, and in all future printings. 


Preface to the Second 
Printing | 


Since the publication of the first printing, we have received many constructive 
comments from the readers. The foremost was the bulkiness of a single volume for 
this massive book. The issue of dividing the book into multivolumes had been 
debated many times. Many users are interested in specific topics and not neces- 
sarily the entire book. To meet both needs, the publisher decided to reprint the 
book in multivolumes. We received this news with great joy, because we now have 
the opportunity to correct the typos and to insert the original Preface, which 
includes a heartfelt acknowledgment to all who contributed to this work. 

We regret to announce the death of Professor Edward C. Jordan on October 
18, 1991. 
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1. The Maxwell Equations and Time-Harmonic Fields 


An electric field ё is generally a function of spatial variable г and time variable 
, t, and is denoted (г, t). Unless specifically mentioned otherwise, the time varia- 
tion is assumed to be sinusoidal: 


&(r,t) = V2 Re(E(r) "№" } (1) 


where w = 2af is the angular frequency in radians per second, and f is the frequency 
in hertz. We will work with the complex phasor E(r) throughout this book.* 

In a continuous medium the behavior of the time-harmonic electromagnetic 
field is governed by the Maxwell equations. Using the International System of 
Units (SI units), the Maxwell equations for phasors are 


VXE- -joB- К (2а) 
VXxH- јор +1 (2b) 
VB = Om (2c) 

VD-o (а) 


where 
E - electric field in volts per meter (V/m) 


Н = magnetic field in amperes per meter (A/m) 


D = electric flux density in coulombs per square meter (C/m?) 


B — magnetic flux density in teslas (T) or in webers per square meter 
(Wb/m?) 


J = electric current density in amperes per square meter, (A/m?) 
К = magnetic current density in volts per square meter (V/m?) 


о = electric charge density in coulombs per cubic meter (C/m?) 


*Most antenna terms and definitions used in this chapter are consistent with those in JEEE Standard 
Definitions of Terms for Antennas, IEEE Std. 145-1983, appeared in IEEE Trans. Antennas Propag., 
vol. AP-31, no. 8, November 1983. 
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ом = magnetic charge density in webers per cubic meter (Wb/m?) 
From (2) we can deduce the equations of continuity: 
VJ + јоо = 0 (За) 
У.К + joo, = 0 (3b) 


which state the conservation of charges. 
In an isotropic medium the constitutive relation is 


D-«E  B-yH, J-oE (4) 


The conductivity о is given in siemens per meter (S/m) or in mhos per meter (U/m) 
and is generally real, while the other two parameters, the dielectric constant 
(permittivity) є and the permeability и, are complex: 


є = є' — je" іп farads per meter (F/m), (5a) 
и =и' — ји" in henrys per meter (H/m) (5b) 


where с’, є", u', and и” are positive real. The factors (є"/є', и"/и') are called 
(dielectric, magnetic) loss tangents, respectively. They become vanishingly small 
if the medium is lossless. The wave number К in (meter)! is defined by 


к = k' — jk" = oyue(1 — jolwe) (6) 
where k' and K" are positive real. The wavelength in meters is 


2л 
= C) 


À 


The intrinsic wave impedance Z in ohms and admittance Y in siemens of the 
medium are 


Zeb nM (8) 
Y Усе — joloe) 
Here the square roots should be taken such that, if a — Vb, Re (a) = 0 and 
Im (a) S 0. It follows that the phase angle of the complex number Z is between 
—л/4 and +л/4. 

Free space or a vacuum is an isotropic medium in which* 


2 


*The approximate value of e, in (9a) is obtained from ве = Ho 'c ? with the speed of light 


c = 3 x 10° m/s. If the more exact value с = 2.997925 х 10* m/s is used, then є, = 8.854185 х 
10:72 F/m. 
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eae т (Ет) (9a) 
36a x 10 
и = ш = 4л х 1077 (Him) (9b) 
о=0 (S/m) (9c) 


For other isotropic media it is convenient to introduce the dimensionless ratios 
є, = єє, И, = Ши, (10) 


which are known as the relative dielectric constant and relative permeability, 
respectively. In a lossless medium the wave number k and wavelength 4 are given 
explicitly by 


k = 0.20944 x f x Vue, (стт!) 
= 0.53198 x f x Vine, (in^!) 
30 
À = ———— (ст 
f х үш, m 
=- 118102 Gin) 
f х үш, 


in which f is given in gigahertz. 


2. The Poynting Theorem 


Consider a volume V enclosed by the boundary surface 5 = OV in an isotropic 
medium characterized by constitutive parameters (€,u,0). In general, (є, и) 
are functions of @ (dispersive medium). The complex power in watts supplied by 
sources inside V is 


в--[[[ mr mme T 


[As described in (1) we use rms values for phasors. Therefore the factor 1/2 does 
not appear in (11).] The time-averaged power supplied by sources inside V is equal 
to the real part of Р.. The complex power leaving V across S is 


Р = J|. х H*-ds (12) 


The direction of ds is in the outward normal direction of surface 5 (pointing away 
from V). The time-averaged power dissipated (conduction loss) inside V is 


2 Р. = MES (13) 


4 
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The time-averaged energy in joules stored in electric and magnetic fields inside V is 


W=} | | | ДЕ dv (14а) 
V 
Wn = 5 | | | АН dv (14b) 
У 
where 
d 
€—-eccto ^ (14c) 
d | 
Пт и + о 20 (ма) 


For the special case in which (e, и) are not functions of w (nondispersive medium) 
the quantities in (14) reduce to 


(EA) > (є,и) (15а) 
(We, Win) ^ (We, Wn) (15b) 

where 
W, = MS (15c) 
Wp = H J | | „нд (154) 


Note that in a dispersive medium (W,, Wm) do not represent time-averaged energy 
stored in the electromagnetic field, as (e, и) may be negative. The stored energies 
are given by (W,, Wm), which are always positive. The Poynting theorem for the 
time-harmonic fields is 


Р, = P + P, + jo(W,m = W.) (16) 
which holds for both dispersive and nondispersive media. 


3. Boundary, Radiation, and Edge Conditions 


At a point at the interface of two media we define a surface normal fiz; pointing 
into medium 1 (Fig. 1). Then the fields in the two media at this point are related by 
boundary conditions: 


fin, X (Е, — Ej) = -К, (17a) 
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A 
n2; 


Fig. 1. Interface between two media. 


й X (Hı - В) = J, (17b) 
fo, (D; — D2) = o, (17c) 
fo, (Bj — B2) = Oms (17d) 


where (Ј,,0;; Ks, Ола) are possible surface current and charge densities at the 
interface. 

In an unbounded space the solution of the Maxwell equations may not be 
unique. To make it unique we impose an additional constraint to the Maxwell 
equations, namely, the radiation condition. For definiteness let us assume that all 
sources are contained in a finite region near r — 0. If the medium in space is lossy, 
the radiation condition requires that the fields vanish as r — х. If the medium is 
lossless and isotropic, it requires that all field components have a phase pro- 
gressively outward, and have an amplitude that decreases at least as rapidly as yu 

In problems where geometrical singularities (edges or tips) of perfect 
conductors are present, the solutions of the Maxwell equations must satisfy yet 
another constraint, namely, the edge condition [1]. It requires that the electric and 
magnetic energies stored in any finite neighborhood of a geometrical singularity be 
finite; that is, | 


| IE? dv — 0, | IH? dv > 0 (18) 
У У 


as the volume V contracts to the geometrical singularity. For the conducting wedge 
in Fig. 2 the upper bounds of the fields near an edge point О are, as o — 0, 


Eo, Еу, Но, Hy = O(o6 07-5) (19а) 
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2 
~ | 


v 
| | 


Fig. 2. A conducting wedge with interior wedge angle B and tangent planes at point O. 


4 
| 
wo d 


| г, 0, ф) 
о х 


Д 


Fig. 3. A conducting cone with tip О. 


z 
( 


Е, = Oe") (19b) 


Н, = O(1) (19с) 


where f is the interior wedge angle at point О. For the conducting cone in Fig. 3 
all field components must grow slower than r 


-32 as г — 0. 


4. Radiation from Sources 


A source described by current densities (J, K) radiates in an unbounded 
homogeneous space characterized by constitutive parameters (e,4). Зее Fig. 4. 
The radiation field at an arbitrary observation point r can be calculated from two 
vector potentials (A, F) by the relations [2] 


E(t) = -V x F + (VX Vx A - J) (оа) 
{ 1 
H(r) = иен УЕ (20Ь) 
where 
мо = ||] зе - аи 
F(r) = [|| sese — r')dv' 
"S Рика 
gr —г')= dale = 
k = оуџе = 2л/А 


The integrals above are over the source region V, and r' is a typical point in V. 

Now consider an important special case of the radiation problem sketched in 
Fig. 4: the source region V is situated near the origin O, whereas the observation 
point г = (r,0, ф) is far away (kr >> 1). Then Fig. 4 becomes Fig. 5, and the 


OBSERVATION 
POINT 


Fig. 4. Calculation of radiation field at an observation point r. 
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TO DISTANT 
OBSERVATION 
POINT r 


Fig. 5. Calculation of radiation field with r in the far zone and S, an arbitrary surface 
enclosing the source. 


formulas in (20) can be simplified. Neglecting terms of order r ? and higher in 
amplitude and phase, (20) is reduced to, as r — ^, the asymptotic equalities 


Е,,Н, ~ 0 (21а) 
Eo ~ ZH, ~ —jkZAo — ЖЕ (21b) 
E, ~ —ZHo ~ —jkZAg + jkFo (21с) 


where 


A(r —jkr J(r' е 
©] e || QUI c 
F(r) Алт v LK(r’) 
k — kf — wave vector 
7 = үшє 
r' = source point with coordinates (x^ y z'), (o, $^, z^), 
ог (r',0', 9") 
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К-г’ = k[((x' созф + y'sinó)sin0 + 2' соѕ0] 
= К[0' зп дсов (ф' — $) + 2' соѕ0] 
= kr'[sin 6’ sin 0 cos (ф' — ф) + cos0' cos Ө] 
We note the following characteristics of the far field (21) of a finite source: (a) the 


field is an outgoing spherical wave, (5) both E and Н are transverse to the direction 
of propagation, and (с) E and Н satisfy the impedance relation E ~ ZH х f. 


5. Plane Waves and Polarization 


The far field in (21) is locally a plane wave. А plane wave in an isotropic 
homogeneous medium has the following representation: 


Е(г)] _ VZu T 
РЬ Я e x ) : wa 


Here К = kk, with spherical coordinates (k,0,$) describing the direction of 
propagation (Fig. 6). The term Z = у“! = Yule is the wave impedance of the 
medium. The complex vector u satisfies two conditions: 


(а) wu* =1 (unitary) (23a) 


(b) wk =0 (transverse to direction of propagation) (23b) 


k 


bv 
V 
WD 


Fig. 6. A plane wave propagating in the direction К = (А, 6, ф) and with the polarization u. 


x 
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The amplitude C in (18) is, in general, a complex number and has the unit (watt)! 
(meter)~!. The power density of the plane wave is [СР W/m’. | 
The unitary vector u describes the polarization of the plane wave. It is defined 


only within a phase angle. Thus и and ue” describe the same polarization. To study 
u in further detail it is convenient to fix the direction of propagation in the z 
direction (К = 82). Then (22) becomes 


E(r) " уда ET 
to) Б ms x | й ae 


Because of (23), a general expression for u has the form 
u = (Ха, + fay) (25) 
Here a, and a, are two complex constants 
a, = |a|e*, ау = layl el? (26a) 
subject to the constraint 
Vial? + laf = 1 (26b) 


In the time domain the electric-field vector at a reference plane (say 2 = 0) derived 
from (24) is 


&(z = 0,0) = У Re{E(z = 0)e/") = y2 CVZU(f) (27а) 

Here the real vector 
U(r) = Re(ue/^) (27b) 
is a vector rotating in the xy plane at a speed such that it sweeps through a constant 
area per unit time. The locus of the extremity of the rotating vector is an ellipse, 


called the polarizution ellipse. Depending on its shape, there are three cases to be 
considered: 


(a) Linear polarization. If the x component and y component of u are in phase 

(6, = ду), the polarization ellipse degenerates into a straight-line segment. Thus, 
U(f) points to a constant direction in space (Fig. 7a), which makes an angle 

a-tan (lala), OfaS л/2 (28) 


with the x axis. Apart from an unimportant phase factor, u in (25) is reduced to 


u = Хсова + учпа (29) 


which describes a linear polarization. 
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00 Ult) 


a b 


Fig. 7. Rotating vector U(t) for linear and circular polarizations. (a) Linear. (b) Left-hand 
circular. (c) Right-hand circular. 


(b) Circular polarization. If the x component and y component of u are equal 
in magnitude (|a,| = |a,|) and 90° out of phase (6, — д, = +л/2), then the 
polarization ellipse becomes a circle (Figs. 7b and 7c). Apart from an unimportant 
phase factor, u in (25) is reduced to one of the following two unitary vectors: 


L 


Ш 
~ 
» 


+ jyy2 | (LHCP) (30а) 


R 


» 


(& – /9)У2 (RHCP) (30b) 
Vector L (vector R) represents a vector in the time domain which rotates in the left- . 
hand (right-hand) sense with respect to the direction of propagation, and is called a 
left-hand (right-hand) circular polarization vector. 

(c) Elliptical polarization. For general values of a, and a,, u in (25) represents 
an elliptical polarization. The extremity of the time-domain vector U(t) traces out 
an ellipse (Fig. 8). An alternative presentation of (25) is obtained by decomposing 
u into two circular polarizations, viz., 


и = &a, + ўа, (31а) 
= La, + Как 
where 
; 1 | 
a, = |а е = wL* = у — jay) (31b) 
ак = |ar| e?* = wR* = 5% + jay) (31c) 


The polarization ellipse in Fig. 8 is characterized by three parameters described as 
follows. (а) The axis ratio AR is defined by the ratio of maximum length and 
minimum length of U(t), or the ratio of the semimajor and semiminor axes of the 
polarization ellipse. It may be calculated from 
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Fig. 8. Elliptical polarization: the tip of the rotating vector U(¢) traces out an ellipse. 


U 
A R = max = 
U min 


ја + larl 
ГА = |ак| 


(32) 


For a linear polarization, АЁ = o. For a circular polarization, АК = 1. (b) The 
tilt angle is measured from the x axis to a semimajor axis of the ellipse. It may be 
calculated from 


y = д(дк — 0,) + тл, т = 0, +1, +2, ... (33) 


Customarily, we choose the integer т so that y falls in the range 0 S y < л. 
(c) The sense of rotation of U(r) is determined by the comparison of |a, | and lag]. 
If ја, | > јавј, u in (31a) represents a left-hand elliptical polarization. If |a; | = |ar|, 
u represents a linear polarization. If |a, | < lag|, u represents a right-hand elliptical 
polarization. 

The plane wave in (22).is characterized by its propagation direction К and its 
polarization u. We say that the plane wave is in a state (К, u). In Chapter 2 we will 
use the time-reversed field of (22), namely, the plane wave propagates in the 
opposite direction as the original one, and has the same polarization. This time- 
reversed plane wave is in the state (—k, u*). 


6. Antenna Near and Far Fields 


The radiation field from a transmitting antenna can be roughly decomposed 
into two components: (a) radiating field in which the complex Poynting vector 
E x H* is real, and (E, Н) decay as r !, where г is the distance from the antenna; 
and (b) reactive field in which E x H* is imaginary, and (E, H) decay more rapidly 
than r^!. These two field components dominate in different regions in the space 
around the antenna. Based on this we can divide the space into three regions: 
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I: REACTIVE NEAR-FIELD REGION 
II: RADIATING NEAR-FIELD REGION 
Ш: FAR-FIELD REGION 


a 
Р ай 
- 
iem 
ri х 
N 
~ 
~ 
i ш 
2 — шшш 

: ————2/Л 


Fig. 9. Near and far fields. (a) Electrically small antennas. (Б) Electrically large reflector. 
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(a) Reactive near-field region. This region is the space immediately surrounding 
the antenna in which the reactive field dominates the radiating field. For most 
electrically small antennas (Fig. 9a), the outer limit is on the order of a few 
wavelengths or less. 

(b) Radiating near-field region. Beyond the immediate neighborhood of the 
antenna the radiating field begins to dominate. However, in this region, it is not 
dominant to the extent that the relative angular distribution of the field is 
independent of r, and the usual antenna radiation pattern can be defined. This 
region is sometimes referred to as the Fresnel region in analogy to optical 
terminology. For electrically large antennas (Fig. 9b) a commonly used criterion to 
‘ define the outer boundary of the radiating near-field region is 


г = 2р?/3 (34) 


where D is the largest dimension of the antenna, and 4 is the wavelength. 

(c) Far-field region. Beyond the reactive/radiating near-field region the reactive 
field becomes negligible. To a good approximation the field radiated by the antenna 
can be represented by the radiating field component alone, and the relative angular 
field distribution is independent of r. This region is sométimes known as the 
Fraunhofer region in analogy to optical terminology. 


7. Far-Field Representation 


Consider an antenna radiating in an unbounded isotropic homogeneous 
medium characterized by constitutive parameters (є, и). Its radiation field in the 
far-field region is a spherical wave that can be represented by* 


| E VZ A(k) |= 53 
ee м pre uem e 


Here г is the observation point with spherical coordinates (ғ, 0, 9). The origin О of 
the coordinates is in the vicinity of the antenna (Fig. 10). The wave vector 


k = kk = fk (36) 


is in the same direction аз г. Thus, we can use either К or Ё to describe the 
observation direction. The intrinsic wave impedance Z and admittance Y of the 
medium are defined by 


Z= ын 
€ 


1 
Y (37) 
If the medium is free space, then Z has the numerical value 


"Ро not confuse amplitude A(k) with vector potential A(r) used in (20). The present representation of 
the far field was described in G. A. Deschamps [3]. 
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SPHERE S 


Fig. 10. An antenna located inside V radiates in unbounded space, with observation point r 
on a large sphere 5, whose tangent plane at г is T. 


Zo = y. = 120л ohms (38) 


The amplitude vector A(k) in (35) is generally complex, and has the unit (watt)"”. 
We will discuss it in detail below. 

Referring to Fig. 10, we draw a sphere 5, called the radiation sphere, passing 
through the observation point r and centered at O. A property of A(k) is that it is 
transverse to К. Thus A lies in the tangent plane T of sphere S. Therefore the set of 
As forms a four-dimensional manifold (the tangent bundle of 5). We decompose A 
into two orthogonal components: 


A(k) = uA(k,u) + vA(k, v) (39) 


Here (и, v) satisfy the following restrictions: 


lu? = wu* = |v? = 1 (40а) 
u*v—-wv*-0 (40b) 
wk = vk = 0 (40c) 


Unitary vectors (u, v) describe the polarization of the radiated field (cf. Section 5). 
The scalar A(k, и) is the component of A(k) in the direction k and with polarization 
u, or the component in the state (k,u). It is calculated by 
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A(k, и) = A(k)-u* (41) 


A similar formula applies to A(k, v). As an example, we choose u — 6 and v =ф. 
Then (39) becomes 


A(k) = 6A6(k) + $A,(k) (42) 


where we used the more common notations (Ae, Ag) for (A(k, б), A(k, ф)). Other 
examples of (u, v) are 


(a) linear polarization: 

u = бсоѕф — фѕіпф, у = бѕіпф + фсоѕф (43а) 
(b) circular polarization: 

u = (6 + Јф)у2, v-(8-j9)2 (43Ь) 


In (43а), и is along the projection of $, and v is along the projection of $ onto the 
tangent plane T in Fig. 10. In (43b) u represents the left-hand circular polarization, 
and v represents the right-hand circular polarization. 

For the far field in (35) the radiation intensity in watts per steradian (power per 
solid angle) in the state (К, и) is defined by 


ЦК, и) = (A-u*)(A-u*)* = |А(К, и)? (44) 


A plot of КК, u) as a function of observation direction k = (0, ф) is known as the 
antenna pattern. A typical pattern is shown in Fig. 11, where / (к, $) is plotted as a 
function of 0 for a fixed ф = фо. The maximum intensity for all observation 
directions occurs at a direction К = kọ = (k, 0%, фо). The lobe in this direction is 
called the main beam, while all other lobes are called side lobes. The vertical axis 
of Fig. 11 shows the decibel (dB) value of the normalized intensity defined by 


1010210 Ex 


Thus the main beam is at the 0-dB level. The highest side lobe in Fig. 11 is — 10 dB. 
It is customary to say that the side lobe level in ф = фе cut is 10 dB down from the 
main beam. The width of the main beam at —3 dB level is called the half-power 
beamwidth, and in the cut ф = фо is given by 0; — 0, in radians or in degrees. 
For the far field in (35) the radiation intensity in all (both) polarizations is 


|А(к)[ = |A(k, ш) + |A(k, у) (45) 


Alternatively, we can rewrite (39) as 


A(k) = |A(A)|U (46) 


Kk, ¢)—DECIBELS 
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120 
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0—DEGREES 


Fig. 11. An antenna pattern: the normalized intensity in the polarization $ versus 
observation polar angle 0 for a fixed ф = фо. 


where the unitary vector U is given by 


1 


U= ТА) 


[uA(k, и) + vA(k, v)] (47) 


Then the polarization of the far field in the direction k is described by a single 
unitary vector U. 

In summary, an antenna far field can be represented by the spherical wave in 
(35). To describe amplitude vector A(k) we need to specify an observation 
direction К, and a polarization и, or a state (К, и). The component of A(k) in this 
state is A(k, и) in (41), and the radiation intensity is /(k, и) in (44). There аге two 
degrees of freedom in the polarization of A(k). We customarily describe them by 
two orthogonal unitary vectors (u,v) in the manner stated in (39). A common 
choice is (u— 6, у= $); another one is (и = reference polarization, у = cross 
polarization), which will be described in Section 9. 


8. Calculation of the Far Field 


We will look at the calculation of the far field (a) from given currents and (b) 
from given fields over a closed surface. 


From Given Currents 


The antenna far field is represented by the expression in (35). We will now 
consider its calculation. For a given transmitting antenna we may replace it by a 
mathematical current source (J, K) which radiates in the unbounded medium after 
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the antenna structure is removed. The far field radiated by (J, K) may be calculated 
from (21) or an equivalent formula given below. For a given state (k,u) the 
component of the amplitude vector A(k) in this state is defined in (41) and is given 
by (see Fig. 10) 


Аба) = | | | ДУЛ)” + VYK( х uve" dv’ (48) 


where the integration is over a typical source point r' located inside the source 

region V. Explicit forms of k'r’ are given in (21). Ки = Ө (for calculating the Ag 
component), the two dot products in (48) become 

Ги* = (Ј,с05ф + J,sin$)cos0 — J,sin8 (49a) 

K-(k x и“) = —K,sing + Кусоѕф (49b) 


If а = ф (for calculating the А, component), the dot products in (48) become 


J-u* = —J,sing + J,cosó (50а) 


|| 


K-(k x u*) = (К,соѕф + K,sing)(—cos 6) + K,sin@ (505) 


From Given Fields over а Closed Surface 


Referring to the radiation problem in Fig. 10, let us denote the (exact) 
radiation field from the antenna over a closed surface 5, enclosing the antenna by 
(Е,,Н,). If (Е,, Hi) are given, we can calculate the far field (35) from them. The 
component of the amplitude vector A(k) in the state (К, и) is calculated from 


k 


A(k, u) = jan 


|| ек (Y(k x u*) x Е(т',)—У2и* х Ни | 481) (51) 
s, 


where the integration is over the closed surface $1, and г”; is а typical point оп 51, 
and the differential surface ds’, is in the direction of outward normal of $1. For the 
special case that $, is the infinite plane z = 0 (Fig. 12), the two spherical 
components of A(k) deduced from (51) are 


Ae(k) - || M elk sin d(x’ созф + y sind) dy! dy! (52) 
Адю) HJ] -= | В 


where 


В» = VY(-1)(E,cos@ + Е,яад) + Ү2(Н,8 ад — H,cos$)cos0 (53a) 


B, = УЖЕ, тф — E,cos$)cos0 + Ү2(Н,соѕф + H,sin 9) (53b) 
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t (г, 0, $) 


22 


Fig. 12. Calculation of far field at r from a given field distribution over 2 = 0 plane. 


In (53), (Ex, E,, Hy, H,) are the components of (E;, H,) evaluated at a typical 
source point (x, y', z' = 0) on surface 51. The formula in (51) is related to that in 
(48) by Huygens' principle, which is discussed in Chapter 2. 


9. Reference and Cross Polarizations 


Consider a transmitting antenna with its far field given by (35). The amplitude 
vector A(k) can be expressed in terms of two polarization vectors (u, v) in the 
manner described in (39). Among many possible choices for (u, v), we often select 
a particular set (ик, uc) and call them | 


ик = polarization vector for the reference polarization 


uc — polarization vector for the cross polarization 


(Alternative names for reference polarization are copolarization and principal 
polarization.) The unitary vectors (ug, uc) are, in general, functions of observation 
direction k, and satisfy the constraints in (40). 

There is no standard way to define (ug, uc). This difficulty may be traced to the 
geometrical property that there is no unique way to transport a tangent vector at 
one point on the sphere S in Fig. 10 to another point оп 5. Consequently, if (ик, ис) 
are defined in one direction, say the antenna main beam direction, there is no 
unique way to extend into other directions. 

Nevertheless, a popular definition for (ик, uc) is given by Ludwig [4]. His 
definition is useful for a class of antennas in which: 


(a) the antenna main beam is nearly in the z direction, and 
(b) the antenna current (or equivalent current) has the form 


J(r) = J(r)(&ae" + $b) (54) 


where (a, b, у) are real (independent of г), and а? + b? = 1. 
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Then Ludwig's definition is 
па, — ug = 6(ае№созф + bsing) + $(—ae"sin 9 + b cos $) (55a) 


a un uc = б(ае "sin ф — Бсозф) + ф(ае”””сов ф + Бятд) (55b) 


'› 


ES For.a-linear wire antenna along the x direction we have (a= 1, b = 0, y = 0) and 
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ик = 6 созф — $sin$, Uc = дапф + ф созф ‘ 


For a cross dipole with J, : J, = 1:(—j), we have, apart from an unimportant phase 
factor, 


la. los ud 
ur = (0 — №), ис= y; 8 + №) 
which describe circular polarizations as expected. 


10. Antenna Gains 


There are severa] different terms relating to the gain of a transmitting antenna, 
depending on the incident power normalization, the direction of observation, and 
polarization of its far field. 


Incident Powers on an Antenna 


А transmitting antenna is connected to a generator through a transmission line 
(or a waveguide) as sketched in Fig. 13. The (time-averaged) power in watts 
incident from the generator to the antenna is denoted by P,. Due to the mismatch 
between the transmission line and the antenna, only Р, is accepted by the antenna, 
where 


P,-(1- ГЭР, (56) 


and |T|? is the power reflection coefficient. If the antenna is lossless, Р, is radiated 


BETWEEN POINTS 1 AND 2 IS A TRANSMISSION LINE 


P i 
E id 
P,» (1-|Г|ЭР, 
GENERATOR ANTENNA P, 
n = Р,/Р, 
3^2 ~ 
~ 
~ 
з. 


Fig. 13. The power incident to the antenna is P,, the power accepted by the antenna is Р,, 
and that radiated is P}. 


Basics M 1-25 


into the space. If the antenna is lossy, the radiated power P; is only a portion of Р;. 
The ratio 


n = РУР, ; (57) - 
is called the radiation efficiency. 


Three Gains in State (k, U) 


As indicated in (39) the antenna radiates in two orthogonal polarizations (u, v). 

, Alternatively, its polarization can be represented by (within a phase factor) a single 

unitary vector U in the manner described in (46) and (47). Then the radiation 
intensity in watts per steradian in state (k, U) is 


к) = [АК = |A(k, ш) + |A(k, v) (58) 


which includes radiation in all (both) polarizations. The radiated power Ра by the 
antenna in space is 


л 2л 
Р, = | ‚4 | ‚ 4010) sin 6] (59) 


The general definition of a gain (dimensionless) in the direction k and for all 
polarizations is 


intensity of the antenna in direction k 
a reference power 


б) = FW = РАФ = 4л (60) 


where P, is a reference power. Depending on Р,, there are three commonly used 
gains: 


(a) realized gain G,(k) if P, = P, = power incident at the antenna, 
(b) gain Ожк) if P, = Р, = power accepted by the antenna, 
(c) directivity D(k) if P, = Рз = power radiated by the antenna. 


The relations among the three gains are 
Gi(k) = (1 - |ГР) Ск) = па – ITI)D(k) (61) 
The three gains are graphically illustrated in the lower half of Fig. 14. 


Three Gains in State (k, u) 


The antenna has a polarization U as defined in (47). In defining gains we may 
specify a preferred polarization и. Then the radiation intensity in state (К, и) is 


I(k,u) = |А(К, и)“ = |А(К)-и" |“ (62) 


in watts per steradian. The ratio 


C 
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P, > 4” Р. 3 
= Е RADIATION INTENSITY IN (k, и) 
< |А(К, u) |? = [А (К) еи“ |? 


3,/4%, 32/4* 

шар POLARIZATION | 

POWERS P, MISMATCH P. EFFICIENCY P, а CY 
' INCIDENT ACCEPTED RADIATED ны 2 

[ 

; G,/4x G,/4r 
, 
G(k) = g(k,u) + g(k, v) [A()/? = |А(К, u)? + |А(К, v) |2 


RADIATION INTENSITY IN (k,U) 


Fig. 14. Six definitions of gain (а 4, b means at = b). (Courtesy G. A. Deschamps) 


_ К, ш) 
P = Kk) 


= [U-u*]? (63) 


is called the polarization efficiency in state (k, и) for an antenna that has polarization | 
О. With respect to state (К, и) we define a gain 


8(К, и) = p Ik, ")=> Р АФ). ал = pG(k) (6) 


dz intensity of the antenna in state (k, u) 
a reference power 


Again, depending on the reference power Р,, there are three gains вт, 82, and d, 
which are analogous to the cases associated with (60). These three gains are 
illustrated in the upper half of Fig. 14. 

The gain defined in (64) is called the partial gain for a specific polarization u. 
The (total) gain G(k) in (60) is the sum of partial gains for any two orthogonal | 
polarizations: 


G(k) = g(k,u) + g(k, v) 
which follows from (58). 


Peak Gains 


АП of the six gains depend on the observation direction К = (0, 9). In 
applications we often use the maximum of a gain as a function of k. Thus, 
corresponding to (60), we define a peak gain for all polarizations by | 


С = max G(k) = = max |A(k)|? (65) | 
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In a similar manner we define а peak gain for a specific polarization u. When а gain 
is given without a specified observation direction, it is customarily assumed to be 
the peak gain. 


Gain-Related Terms 


When defining antenna terms related to gain, we can use any one of the six 
definitions of gain. If the radiation in all polarizations is of interest, we use G(k) in 
(60). If the radiation in a specific polarization is of interest, we use g(k, u) in (62). 
With this understanding we use G(k) to represent a typical gain in the discussion 

‚ below. 

An isotropic radiator is a hypothetical lossless antenna having equal radiation 
intensity in all directions, i.e., /(К) = a constant. If an input power P, were fed to 
an isotropic radiator, its radiation intensity in watts per steradian would be 


һә) = 12 (66) 


Here P, сап be any one of three powers explained at the beginning of this section. 
In terms of (66) the gain definition in (60) has the following interpretation: 


" intensity of the antenna in direction k 
~ intensity of an isotropic radiator fed by the same power (67) 
We often express the dimensionless С by its decibel (dB) value: 101ор С. 
Sometimes we write dB as dBi, where the letter “1” emphasizes that the gain is over 
an isotropic radiator. 

Consider an antenna with gain G(k) fed by an input power Р,. Its radiation 
intensity /(k) would be the same as that for an isotropic radiator if the latter were 
fed with an input power given in watts by 


EIRP = P,G(k) (68) 


where EIRP stands for equivalent (effective) isotropically radiated power. We 
often express EIRP by 101og;o Р„С in decibels referred to 1 W (dBW). 

When an antenna is used for receiving, a figure of merit of the antenna is 
defined by 


peak gain of the antenna 
noise temperature of the antenna 


G 
Т, (69) 


T,, which is usually given in kelvins (К), is discussed in Chapter 2. 
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11. Pattern Approximation by (cos 0)? 


The far-field patterns of many aperture-type antennas have two characteristics: 
(a) A single major lobe exists in the forward half-space 2 > 0 and the lobe 
maximum is in the +2 direction. (b) The radiation in the backward half-space z « 0 
is negligible. For these types of antennas their far fields can be approximated by 
simple analytical functions described in this section. For an x-polarized antenna, 
such as the flanged waveguide shown in Fig. 15, we have (for Ө = л/2,0= $ S 2л, 
and ғ > œ) 


E(r) = 49 C(O) созф — $ Сети? (70a) 


For a y-polarized antenna we have 


А А —jkr 
E(r) = Аојд C&(0) sing + $ Сн(Ө)созф]ү7 © - (70b) 
Here A, is a complex constant in (watts)'2, and 
Ск(0) = (cos 0) = E-plane pattern (71a) 
Сн(Ө) = (cos0)?" = H-plane pattern (71b) 


The shape of the pattern is controlled by indices (qx, qu). For a given linearly 
polarized antenna pattern we can approximate it by (70), with (q£, ан) determined 
by matching the given pattern and (70) at two selected directions. A proper 
superposition of (70а) and (70b) gives а circularly polarized far field, namely, 


к) = ое” C(0) + фјесидју2 EE (2) 


2 


Fig. 15. Radiation Кот a flanged rectangular waveguide. 
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where т = +1 for left-handed circular polarization, and т = —1 for right-handed 
circular polarization. Note that (72) represents a perfectly circularly polarized wave 
only in the main beam direction (0 — 0). Away from this direction it is generally 
elliptically polarized (unless де = qu). 

The directivity of the pattern in (70) or (72) can be calculated from (60) and 
(59). The result for the peak directivity in the main beam direction is 


_ 204 + 1)О4н + 1) 


Bde) dg + qu + 1 


(73) 


* which is valid for both linear and circular polarizations. It should be noted that (73) 
applies only if the antenna has no radiation in the backward half-space (2 < 0 in 
Fig. 15). For an antenna which has a symmetrical pattern in the forward and 
backward half-spaces, the directivity is one half of the value calculated from (73). 
For example, an electric dipole oriented in the x direction has a pattern described 
by (70a), with qg = 1 and ан = 0 for all 0 = л. Its directivity is 3/2, one half of the 
value given by (73). 

The formula in (73) can be expressed in a different form. The half-power 
beamwidths (де, Өн) in the (E, Н) planes are related to (qg, 4н) by 


(cos ба ы forn = E,H (74 
aJ Түр е ) 
The use of (74) in (73) leads to 
D(6 = 0) = 2 (75) 
1 1 


—_———— эт + — ———— 
1 + 0.3/logcos(02/2) 1 + 0.3/|log cos(@;,/2)| 


where the log is of base 10. If Өк and бн are much less than one radian, (75) is 
simplified to read 


36 300 


DO =0) = gg + 6:2 


(76) 


where Өк and дн are expressed in degrees. 

Another directivity formula, which is similar to (76), is based on the 
approximation that D = 4л/О, where О is the solid angle extended by the main 
beam at the half-power level. Using a further approximation that О = деди, 
we obtain 


41300 


dee zðn 


IR 


(77) 


where Өк and Өн are expressed in degrees. Formulas similar to (76) and (77) exist 
in the literature, and the coefficients in the numerator usually fall in the range from 
27900 to 41300 (see [5,6]). 
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12. TE and TM Field Representations 


homogeneous medium characterized by the constitutive 


Consider an isotropic, 
parameters (є, и). In a source- 
decomposed into two componen 
(transverse magnetic) field with respect to t 
the fields are derived from an electric vector potenti 


where 


F - 2y(r) 


(V? + К) (г) = 0 


k = oyue, 


{тее region of the medium, 
ts: TE (transverse electric) field and TM 
he z direction. For the TE component 


al F(r) by 
E--VxF 
_ 1 wy. 
н-Ё + g УУ в) 
Z = УМЕ 


For the TM field the corresponding equations are 


where 


E- -ikz^ + че) | 


Н-УхА 


А = à V) 


(V? + К) (т) = 0 


the field can be 


(78а) 


(78b) 


(792) 
(79b) 


(79c) 


(80a) 


(80b) 


(81a) 


(81b) 


We introduce 27! in (81a) so that v and y have the same dimensions in volts. In 


rectangular coordinates, (78) and (80) may be written explicitly: 


oy 
Е, = ay 
_ 9# 
У дх 
Е,=0 


Transverse Electric 


2 
"RS А 
jkZ дхд2 
1 оф 

Н, = — 

У  jkZ0yüz 
1 (а 
H, = jkZ (2 


(82) 
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Transverse Magnetic 


1 ey 1 op 
-— Н, = == 
Е, jk дхд2 2 ду 
1 ey 1 oy 
= — Н m mus mmm 
Ey jk дуд: 4 Z дх (83) 
1(8 pz 
Е, = p (5 + ) v H,=0 
In cylindrical coordinates, (78) and (80) may be written explicitly: 
Transverse Electric 
1 2 
pee Нї-ш 258 
о 9ф jkZ додг 
oy 1 dy 
EA Н. =—— 4 
Es о Ф Ж2рдфдг 89 
1 (0 ) 
= Н, = ——|— + 
Бело "> KZ (= к)» 
Transverse Magnetic 
Е 18% 19 
e јкдодг е 709$ 
1 дұ 1 др 
= H = —— — 
Es jko 9фдг i 7 до (85) 
1 (д? 
= — |— + е) = 
Ez jk (22 Y iem 


Two remarks are in order. First, in a conducting medium with conductivity о all the 
formulas in this section remain valid if Е is replaced by e(1 — jo/we). Second, to 
decompose the field into TE and TM with respect to the x direction, we make the 
following changes in (82) and (83): х > y, y — z, and z > x. 


13. Plane-Wave Spectrum Representation 


A general solution of the wave equations in (79b) or (81b) is 


y(r) " E Е V(K,, ky) х + Куу + Кт) 
[ко aef e aen)" eo 


Here (k,, k,) are two integration variables, and 
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к, = ҮК? — (k? + ky?) (87а) 


where К = wVye. The square root in (87а) is taken such that 
Ве {К.} 20 апа Im{k,} = 0 (87b) 


The integral in (86) represents a superposition of plane waves and constitutes the 
plane-wave spectrum representation (or Fourier transform representation) of fields 
in a source-free region. 

The amplitudes of the plane waves are related to potentials via the inverse 
Fourier theorem, namely, 


1 2 : А со со у б 
W(k,, ky) = (5) el^ | dxo | E dyo (хо, Уо, 20) et ot ^») (88) 


Thus W(k,, Ку) can be determined from the values of y(r) over a reference plane 
Ро, on which a typical point is (xo, yo, zo) = a constant (Fig. 16). 

The explicit field components of (E, H) in the plane-wave representation can be 
obtained by substituting (86) into (82) and (83). Including both TE and TM 
components, the E field is 


Едт) - 5 
Едк) = | ак, | dk e + Fy К) 
Е.т) 25 
jk, -k,k; 
x —jk, W(k,, ky) + -К,К, 2. V(k., Ку) (89) 
0 kè + k2)' 


A similar formula exists for the H field. We note that any rectangular component of 
(E, Н) has the same form as (г) given in (86). In the following we will give several 
formulas related to the integral of y(r). These formulas apply equally well to any 
rectangular components of (E, H). | 

(a) Far field due to finite sources. И the sources that produce the field in (86) are 
confined in a finite region near г = 0, then amplitude W(K., k,) is an entire function 
of three independent complex variables k,, ky, and kz. In the far-field region the 
integral in (88) can be asymptotically evaluated, with the result 


—jkr 
yr) ~ eI (Слј К cos Ө) W(k, = Кут Өсоѕф, К, = ksinOsin $) (90) 


valid for г — с. Here (ғ, 0, ф) are the spherical coordinates of the observation 
point r. 

(b) Huygens-Fresnel principle. Substituting (88) into (86) and making use of 
(90), we obtain another far-field formula valid for К — © (see Fig. 16): 
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г= (г, 0, $) 


Fig. 16. Far field at г is calculated from the field over a plane Ре. 


z — ze "^ 


y(r) ~ (5) | E | ЁС ф(хо, уо, 20) —Б Е (91а) 


where 
К = V(x — хо)? + (у — уо)? + (z – zo) (91b) 


Due to finite sources near plane Ро, the factor (2 — zo)/R in (91a) is close to unity. 
Apart from this factor, (91a) agrees with a corresponding formula derived by using 
the Huygens-Fresnel principle in optics [7]. 

(c) Field with azimuthal symmetry. 1f the field is independent of $, the 
representation in (86) can be rewritten as 


vy(o,z) = 2л | ЁС [ко Јо(Коо) Ч(Ко)је ' к (92) 


The representation in (92) is valid for any finite o (including o = 0). In a region 
which is unbounded in the o direction and excludes o — 0, however, we must 
replace Jo(-) in (92) by Но.) on account of the radiation condition. 


14. Periodic Structure 


Consider an infinitely large periodic structure of thickness т situated in an 
unbounded, isotropic, homogeneous space as sketched in Fig. 17. In terms of 
geometry and material the structure is repetitive from cell to cell, with its periodic 
lattice specified by three parameters (a, b, Q). The structure is illuminated by an 
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' | 


b 


Fig. 17. A periodic structure illuminated by an incident plane wave. (a) Side view. (b) Top 
view. 


incident plane wave described in (22). The plane wave propagates in the direction 
— k', where 


К = k(&sin 90 cos фо + $sinOosin фо + £cos 0o) (93) 


The problem at hand is to find a field representation for the scattered field in the 
unbounded space (outside of the periodic slab). 

Due to the periodic nature of the structure and the uniformity of the incident 
field, the scattered field can be expressed in terms of Floquet space harmonics. For 
the (p, q)th space harmonics, its transverse field variation is given by 
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Ора(х, y) = ехр[-Кирах + vpoy)]. р, а = 0, +1, +2, ... (94а) 

where 
Ung = (2рл/а) + ksin босов фо (94b) 
Ура = (—2рл/а) cot 0 + (24л/Ъ) + ksin Asin фо (94c) 


Its z variation is ехр(+/у,а2), where the propagation constant is 
, Ypq — УР — (uy + уы) (95) 
The square root in (95) is taken such that 
Re(y,,) 20 and Im(y,, = 0 (96) 


In a lossless medium (with real К), only a finite number of (у,а)5 are real, 
corresponding to propagating space harmonics. The remaining (Ул) are negative 
imaginary, corresponding to attenuating space harmonics. In phased array 
terminology, the dominant space harmonic with (p = 0, д = 0) is called the main 
beam, whereas all others are grating lobes. In most applications we wish to choose 
an array lattice so that only the main beam is propagating and all grating lobes are 
attenuating. To achieve this for the incident polar angle in the range 0 = 00 = 6, 
and for 0 = ф S 2л, the lattice parameters must be such that 


1 + snd, <T (97а) 


where 


Р А А, AV А А d uc 
Г = min| AG. p’ |(4) + (4 — 4 соко) | | (97b) 


In other words, when (97а) is satisfied, only yo in (95) is real in the range 0 = 6) = 
0, and 0 S ф = 2л. For several commonly used lattices, (97b) can be simplified 
to the following: 


(a) For a rectangular lattice (О = 90°), 


"ur А 
Г = min 4. i (98a) 
(b) For an exact triangular lattice (b = y3a/2, О = 60°), 


r- v (98b) 


(c) For an isosceles triangular lattice (cot = 0.5a/b), 
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АсѕсО а | (98c) 


r= піп 280, b 
which reduces to Г = V5A/(2a) if a = b (© = 63.435). 


The scattered field in the unbounded space can be decomposed into TE; and 
TM, components in the manner described in Section 12. The two potentials are 
expressed in terms of Floquet space harmonics: 


yn0| _ ~ = Coa | a Dub: , 
(84 Б 3. P e e oe + ЁН e*m | Q»G.y) (99) 


The fields (E, H) can be calculated from (99), (82), and (83). Retaining only the 
component traveling in the +2 direction, we have 


E, Op (Ypa! K) Bpa 
E 0 —w,/k | — 
пр = Cpa + ын С 
H, > > (Ypq/kZ) Bpa © -Z ‘ара d 
H, 212. 0 
х (10, (x y) е =] (100) 


where 


ара = (Ура — Уира) 


Bpa = (ира + Уура) = 2 X 4,4 


2_ „2 2 
Wpq = Ира + Ура 
2 = уше 


The field component traveling in the —z direction associated with coefficients 
(Пра, Эра) is also given by (100) after changing the sign of Ура. The time-averaged 
power carried by the total field in the +2 direction in each unit cell a x b is defined 
by 


P- s Re((E x Н*)-2} dx dy (101a) 


If the medium is lossless, we have 


prop. 


ab Е 
Р = 2 2, юра Ура Соч + Сре эь IDs E Пра!) (101b) 
p 


in which the summation includes only propagating space harmonics with real у,45. 
The constant coefficients C,, in (99) are to be determined by matching 
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boundary conditions at z = 0 and z = т. This can be done only after а more de- 
tailed description of the periodic slab is given. Of particular interest is the dominant 
space harmonic with (p = 0, q = 0). The fields with coefficients (Coo, Coo) are the 
(perpendicular, parallel) components of a plane wave propagating in the direction 
of К: 


E(r) = (jksin б)[(—-ф)С + 6'Cog] e" + +- (102a) 
H(r) = I Gksin 0910 Coo + ф' Соје" + +- (102b) 


where k’ is given іп (93), and 


^: ^ 


Ô! = («совфо + ў зїп фу) соз б — 250, = ф' x К (102с) 
$i = —ksingy + ўсоѕфо = ki x 6' (1024) 


The fields with coefficients (Doo, Doo) are the (perpendicular, parallel) components 
of a plane wave propagating in the direction of К”, where k” = k’ — 22(2-k) is the 
reflected wave vector. By “perpendicular” component we mean that the E vector of 
the field is linearly polarized and is perpendicular to the plane of incidence defined 
by 2 and К. 


15. Rectangular Waveguide 


Consider a metallic rectangular waveguide filled with an isotropic homo- 
geneous medium (Fig. 18). The field in the waveguide can be decomposed into ТЕ, 
and TM,. They are derivable from two potential functions (for the component 
traveling in the +2 direction): 


‚бррр ome 
m=0 n=0 
ф = > 2, Cmn за (15 x) sin( ^ дан oe 


a 


Fig. 18. A rectangular waveguide. 
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In (103a) the prime signifies that the term with m — n — 0 is omitted in the 
summation. The propagation constants Ymn for either TE,,, or TM,,, are given by 


Ymn = Vk = (mala) ш (пл/Ь) | (104) 


The square-root convention stated in (96) should be observed. The field 
components for the (т, п) mode calculated from (82) and (83) are 


E, = Cnn Gmn + Сы» Вл ' (105a) | 
i 1 | (тлү л\?|—— 
e-k + (5) Р позы 
Ymn 5 = k, 
Н, = Cmn xz? X Onn + Cmn „7 X Bun (105c) 
1 | (тлү zy? 
н. uz Lee) + (2) |» ads 
where 
„[пл тл ү. (пл | 
Qmn = |X b cos dct sin 57 
- (жт) sin( 27 x) cost »)| eg wt (106a) 
Ymn || „| MN тл . (пл 
Вал = (-2) LEs) cos(x) за (у ) 
+ (18) sa (P x) cos( 7) pee (106b) 
In particular, the nonzero field components of the dominant ТЕ, mode аге 

l 

TE: Е, = -(£) Cyosin( Zx) e hw (107a) 

Н, = (2) (18) Ciosin( Zx) ew (107b) 

Н, = d. (2) С cos( Z ) југ 107 
2 jkZ a 10 a хје ( с) 


For the field component traveling in the —z direction we change the sign of Уул in 
(103) through (107). The transverse field variations of several lower-order modes 
are sketched in Fig. 19. . 
If the medium in the waveguide is lossless, the cutoff frequency of ТЕлл or | 
ТМ» 15 
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oe w 


which is plotted in Fig. 20 for several lower-order modes. The propagation constant 
of ТЕ,„„ or TM,,, is 


: E -ufY-2mA, if f> f: 50) 
Ymr ИСР —-1 itf « f. 


where 4, is the waveguide wavelength. The time-averaged power carried by the 
field in (105) is 


prop. 


ХУА АМ | (12) + (12) | (06 + с) 010 


when the summation includes only propagating modes with real y,,,s, and A,, = 2 if 
т = 0, and А, = 1 if m + 0. 

There are two common sources of waveguide loss. One is the dielectric loss in 
the medium inside the waveguide: k — k' — jk". The other is the conduction loss 
due to the finite conductivity o of the metallic waveguide walls. When both losses 
are small, the propagation constant of a propagating mode sufficiently above cutoff 
is approximately given by 


Ут = B- ја, Ва (111) 

where 
В = ИЕ)? — (mala). — (иль (112) 
а = аа + a, (113) 
аа = k'k"IB (114) 


with В in radians per meter and а in nepers per meter. The attenuation constant 
due to conduction loss is approximately given by 


| c Lo db 

TEmo? а, = (1 u^ + i) (115a) 

TES а, = (1 и? + 5) (1155) 
one с а 2Ь 


1 1 mb + п?а | 


(115c) 


$ = ES Em „2 — „2 
TE в. = | (1 Б L) u tcu) pL 
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Fig. 19. Modal transverse field distributions in a rectangular waveguide. (After C. S. Lee, 


S. W. Lee, and S. L. Chuang [8], © 1985 IEEE) 
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Fig. 19, continued. 
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The attenuation of ТЕ ла or ТМ,„„ is 8.686 а dB/m. An example is given in Fig. 21 
for a typical air-filled, rectangular, brass waveguide. 


16. Circular Waveguide 


Consider a metallic circular waveguide filled with an isotropic homogeneous 
medium (Fig. 22). The field in the waveguide can be decomposed into TE, and 
TM,, which are derivable from two potential functions (for the component 
traveling in the +z direction): 


Ста | 
y= >> | ШОУ; " M е Уш” (117а) 


Сан sin mọ 
ae гаран sinm = | 
y = У > ЇЕ | | ? | e }7mz (117b) 
m n (Cmn cos тф 


Here the superscripts v and h denote vertical and horizontal modes, respectively. 
For example, С» is the modal coefficient of the TEV mn mode, and (Ел, Ginn) are 
the nth roots of (J,,(x), Ј,„(х)), respectively. Their lower-order values are tabulated 
in Table 1. The propagation constants in (117) are given by 


ТЕ, шт: Ymn = үк? = (Ерла): (118а) 
ТМ»: Ут» = Ук? — (E, Ia) (118b) 


The square-root convention stated in (96) should be observed. The field 
components of TE,,, calculated from (117a) and (84) are 


Fig. 22. A circular waveguide. 
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Table 1. Zeros of Bessel Functions* 


Transverse Electric | Transverse Magnetic 
Number 
m,n Sirin m,n Emn 
1 1,1 1.84118 0,1 2.404 83 
2 2,1 3.05424 1,1 3.83171 
3 0,1 3.83171 2,1 5.13562 
4 3,1 4.201 19 0,2 5.52008 
5 4,1 5.317 55 3,1 6.380 16 
‘ 6 1,2 5.331 44 1,2 7.015 59 
7 5,1 6.415 62 4,1 7.588 34 
8 2,2 6.706 13 2,2 8.41724 
9 0,2 7.015 59 0,3 8.653 73 
10 6,1 7.50127 5,1 8.77148 
11 3,2 8.01524 3,2 9.76102 
12 7,1 8.57184 6,1 9.936 11 
*The nth zeros of [J,,(x), J7,(x)] are (Enns Emn), respectively. 
ТЕ: Е = Србу, + Cha (119a) 
Н, = 75x (119b). 
' А 
1 , 2 
3 тп 
н. = zd =) у (119c) 
where 
Qian „т : sin mọ 
| h | = С | 
Ойн Q —cos mó 
a [Emn cos тф та 
+ ф| === | (Е том — ghe (119d) 
5 sin mo 
The field components of TM,,, calculated from (117b) and (85) аге 
1 € E 
Е, = jk (=) V (120b) 
k , 
Н = = 2 X E, (120c) 
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Й” TRE sin mọ 
| 6 (Е 0 ni | 


+ ыо МІ emo (1204) 


sin mọ 
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3T 35 
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|| 


In particular, the nonzero field components of the dominant ТЕ, аге 


TE Беј | Лено Sing | пете 
11: e Ch, О 1645110 Зо: 


Си | Ets cos $ 
Ey = == Л(ЕПО/а ге?" 
Ф | 2 (Епоја) án 


у BOE AT 
H, – у ЕФ 
= Yu 
Н, © К E, 
1 [#1]? со5ф| _, 
Ножеви == Ј (Еоја е!" 121 
а (510 ) ne ( ) 
The transverse field variations of several lower-order modes are sketched in 
Fig. 23. 
If the medium in the guide is lossless, the modal cutoff frequencies are 
TE,» К = Emn (122a) 
mn c 2nay eu 
ТМ,„„: Í. Emn (122b) 
mn c 2лаүси 


which are plotted in Fig. 24 for several lower-order modes. In terms of fe, the 
propagation constants (уп Ута) can be again written in the form of (109). The 
time-averaged power carried by the modal fields is 


prop 


р = S У as Eod ina" = PW mn Е.ОРйСы + Cr 


n 


+ YmnlEmnIm+ „РС + Сан D = (123) 
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Fig. 23. Transverse modal field distributions for a circular waveguide. (After С. S. Lee, 
S. W. Lee, and S. L. Chuang [8], (©) 1985 IEEE) 
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Fig. 23, continued. 
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Fig. 24. Normalized modal cutoff frequencies for a circular waveguide. (After C. S. Lee, 
S. W. Lee, and S. L. Chuang [8], (С) 1985 IEEE) 


where the summation includes only propagating modes with real у,„„ or FmnS, and 
Am = 2 if m = 0, and A,, = 1 if m # 0. 

The loss in a circular waveguide is similar to that in a rectangular waveguide. 
Thus the formulas in (111), (113), and (114) still hold. The attenuation constant 
due to the conduction loss in a circular waveguide is 


2 
у т 2 
ТЕ шаш OTE 124 
: а 2а ley a т? ^ | ( 2) 
у 
T : =— 124 
Мия: Ge 2 (1245) 
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Fig. 25. Attenuation versus frequency curves for lower-order modes in a typical circular 
brass waveguide. (After Jordan and Balmain [9], (С) 1968 Prentice-Hall Inc.; reprinted by 
permission of Prentice-Hall, Inc., Englewood Cliffs, NJ.) 


where u and v are defined in (116), and fe is given in (122). Note that the conduction 
loss of TE, decreases without limit as f ©. Ап example of the conduction loss in 
a typical air-filled circular brass waveguide is shown in Fig. 25. 
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1. Duality 


Consider the two radiation problems sketched in Fig. 1. In problem 1, the 


~ source (Ji, Ki) radiates in medium described by e,(r) and u(r), and in the 


presence of two typical scatterers: a perfect electric conductor (PEC),, and a 
perfect magnetic conductor (PMC),. The total (radiation) field in space is (E,, Hi). 
A similar description holds for problem 2. Now, these two problems are “dual” if* 


Ji(r) > Ку(т) (1а) 
К (г) > —(г) (1b) 
e(r)  uxr) (1c) 
u(r) > e(r) (1d) 
(PEC), > (PMC), (1e) 
(PMC), > (РЕС), (1f) 


For example, (1e) indicates that the PEC in problem 1 is replaced by a PMC in 
problem 2. A consequence of (1) is 


E,(r) — H,(r) (2a) 
H,(r) ^ —E,(r) (2b) 


Thus, knowing (E;, H;), we can immediately write down, with the help of (2), the 
field solution (E2, Н) of the dual problem. In other words, dual sources and media 
imply dual fields. 

In some dual scattering problems the sources are not explicitly specified. We 
are given instead the incident field (Ej, Hi) in problem 1 and field (EŻ, Н?) in 
problem 2. Then, these two problems remain dual provided that (1a) and (1b) are 
replaced by 


E\(r) > Hir) (3a) 


1(г) > —Ex(r) (ЗЫ) 


*The symbol А — B means replacing А in problem 1 by B in problem 2. 
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Fig. 1. Dual radiation problems. (a) Problem 1. (b) Problem 2. 


After this replacement the satisfaction of (1) again implies the validity of (2). The 
fields in (2) can be either total fields or the scattered fields. 


2. Green's Function in an Unbounded Space 


A Green's function is the field due to a point source described by a delta 
function. Once it is known, the field due to an arbitrary source can be calculated by 
a convolution integral involving the source distribution and the Green's function. 


Scalar Wave Equation 


A Green's function G(r,r’) involves two points: 
г = (x1,x2,x3) = observation point (4a) 
г’ = (xi, x2, хз) = source point (4b) 
In an unbounded isotropic medium, G depends only the distance 
R = |e = r'| = Уба = xD^ + (> = x) + (ау — x (4c) 
Hence we often write G(r, г’) as G(R). 
In a three-dimensional space filled with a homogeneous isotropic medium, the 
scalar wave equation with a point source is 
(V? + КЭ (К) = -ó(r - г) (5) 


where ó(-) is the delta function. The solution of (5) subject to the radiation 
condition is [1] 


Theorems and Formulas 2-7 


jet 6 
8( )- 4лЁ ( ) 


For a two-dimensional case the corresponding Green's function is 


2D: g(R)- J HoR) (7) 


ек + 2/4) 


^ 2углкк, ' 
where R, = V(x, — х!)? + (x2 — х). For a one-dimensional case it is 


kR,21 (8) 


| 525 
ID: (Ri) = эр ^% (9) 


where R, = |x; — xil. 

It is important to realize that Green's function g(R) is singular or has 
discontinuous derivatives when the observation point is at the source point (г = г”). 
We must properly interpret their meanings when we perform integrations/ 
differentiations involving g(R). In the following manipulations we consider g(R) a 
generalized function. We manipulate g(R) formally and explain. its singular terms 
later. 


Vector Wave Equation 


A vector wave equation with a point source oriented in the x, direction reads 
(V x V x -k*)G(R) = &ó(r - г),  forn-1,2,3 (10) 


The solution of (10) is 
G” = [ + ЦАС for n = 1, 2,3 (11) 


Using the dyadic notation we may rewrite (10) and (11) as 


(V x V x -&)G(R) = Ió(r - г) (12) 
G(R) - (1 + avv.) Ig(R) (13a) 
- (1 + vv) g(R) (13b) 


where I is the unit dyad defined by 
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I = ХХ, + ко + X44 (14) 
Since g(R) is symmetrical in r and r', an alternative expression of (13b) reads 


GR) = (1 + VVER) (15) 


Note the difference in (13b) and (15): 


ааа рд 
Шс кты тч ока (16) 
” PD 
У = hag t аи + Bay (17) 


In matrix notation, (15) may be explicitly written as 


В (2) i 9 1_ё 
К? \дх| К? дх|дх› k? üx10x4 
1 9 1 (2 ) 1 93? e JR 
== — + — Ba 
G(R) К? дх}дх\ : К? Хөх: k? дходха 4лК (28) 
1 S 1i S гү 21 
К? дх4дх| К? дх4дх: К? Хөх: 


The differentiations in (18) formally yield the following results: 


7g m al 2 ] ( ] | 2 )| 
oxi k со8-0,, + КЕ 1 ХК 3cos^0,, — 1] | g(R), 

т = 1, 2, 3 (19а) 

д26 = Ксов0,,со80 Ё + 3 (1 = Б) | sto 

Ox, Ox, T л КК КК : 
т=п (19b) 

where 

cos 0, = (x, — X,)/R, for n = 1, 2, 3 (19c) 


Note that G(R) contains the R ^? singularity. 
The Electric Field 


In an unbounded, isotropic, homogeneous medium the electric field E due to a 
current J satisfies the following wave equation: 
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(у + КЕ + Да) -Шшүхүхї (20) 


jwe jwe 


For a given J, we wish to calculate E(r) by using the Green’s functions defined 
above. We shall give three formulas. The first formula is derived from (5) and (20), 
namely, 


E(r) = acl. [V' x V' x J(r)]g(R)dv' – L до) (21) 


jwe jwe 


where V is the support of J (outside volume V, the current J is identically zero). The 
second formula makes use of G defined in (13b), namely, 


E(r) = 2271 $ zw) | ев (22) 
The third formula makes use of G defined in (15), namely, 
E(r) = (ion) |, (i I+ av 271 Jir’) dv’ (23) 


Note the difference between (22) and (23). In (22) the differentiation with respect 
to the observation point coordinates (хү, Хо, хз) takes place after the integration 
over the source is performed, whereas in (23) the differentiation with respect to the 
source point coordinates (xj,x3,x5) takes place before. If the integral is to be 
evaluated numerically, (23) is preferred to (22). The problem with (23) is how to 
integrate over the К ? singularity. This is discussed next. 


Integration Involving the К? Singularity 


In evaluating the integral in (23), we encounter the following typical integral: 


92 
Три(е) = | Je) ae dv, for m,n = 1, 2,3 (24) 


As shown in (19) the second derivatives of g have an R 73 singularity at R = 0 (when 
observation point г is at a source point г’). This singularity is not generally 
integrable. Thus (24) may be a divergent integral. We shall regularize (24) so that 
L,,(r) is a well-defined function of г for all г. The result of a particular 
regularization is [2] 


[ин(г) = Amn + Вт + Сы, for m,n = 1, 2, 3 (25a) 


where 


9? 


Ay = | Se) 56а (25b) 
Ү-Ү, 


Ox, OX, 


т” 
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Brin = | Je в. Je) тах as ae dv' (250) 
Con -Joz =) ЈЕ бь NO y, (25d) 


The various notations in (25) are explained below. Volume V is the support of 
current J(r^) (see Fig. 2). Volume V, is an arbitrary volume inside V and contains 
the observation point r. We emphasize that: 


(а) У. need not be small, and 
(b) the value of Imn is independent of the choice of V.. 


Term A,, in (25b) is convergent because the region У, is excluded from the 
domain of integration. The static Green's function go іп (25c) is given by 


80(К) = TR (26) 


which is obtained by setting k = 0 Е the (dynamic) Green's function in (6). Note 
that g and gy have the same R™' singularity at R = 0. This fact ensures the 
convergence of term В„„ in (25c). In term Cmn in (25d), there is a surface integral 
e the boundary surface of V., which is denoted by dV. (Fig. 3). In this figure 

is the unit-outward normal of ду, at a point r', and R is the unit vector along 
k = r' — r. In summary, we regularize the divergent integral (24) so that it is 
defined by (25a). With this particular regularization it can be shown that Гал is 
identical with 


Imr) = 23 == | J(r')g(R) dv’, for m,n = 1,2,3 (27) 
Xn Jv 


In other words, the convergent integral in (27) can be alternatively evaluated via 
(25). This establishes the equivalence of two Green’s functions in (13b) and (15) 
when the latter is regularized in the manner described in (25). 


Fig. 2. Arbitrary volume V, is inside V and contains observation point r. 
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ОС "SURFACE oV, 


Fig. 3. Symbols for the surface integral in (25d):r is the observation point and r' is the 
integration point on surface àV.. i 


Explicit Expressions for Cmn 


The term C,,, defined in (25d) can be explicitly evaluated for several special 


Vs [3]. 
(a) V. is a sphere of radius a with the observation point г at an arbitrary point 
inside Үс: 
Cmn = IVS (28) 


(b) Vz, is a cube with center at г but is arbitrarily oriented, i.e., the faces of the 
cube need not be orthogonal to the ху, x2, Хз axes: 


Спа = — ICE) Q9) 


(c) У, is a cylinder with center at г, radius a, and height 2b, and its axis 
coincides with the x4 axis: 


Си = Ср = Tp (30) 
С» = (705 - 1) 9 (3) 
ya +b 
Cmn = 0, if m Еп (32) 
3. Image Theory 
Consider the radiation problem sketched in Fig. 4a with source (Ji, Ki) and 


scatterer X,, both situated above an infinitely large, planar, perfect electric 
conductor at 2 = 0. To calculate the field in the upper half-space 2 > 0, we may 
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replace the configuration in Fig. 4a by that in Fig. 4b. In Fig. 4b the conductor is 
removed, scatterer X; is the mirror image of 2, and source (J2, K2) is given by: 


Ju(x, y, 2) = —Jz,(x, у, =z) (33a) 
Ју(жу, 2) ын —Л›у(х,у, —2) (336) 
лажу, 2) Е +7, (х, у, —2) (33с) 

и, K) E: 

2 
а PERFECT ELECTRIC CONDUCTOR 
2 
(J,, Ку) E, 
(J). К.) У 


b 


Fig. 4. By the image theory the problem in (a) may be replaced by that in (5) for calculating 
fields in the upper half-space 2 > 0. (a) Given radiation problem. (b) Calculating field in 
z > 0. 


Theorems and Formulas 2-13 
Kyo, y, z) = +К(х,у,—2) (34а) 
K(x, y, z) = * Ko,(x. y, —2) (34b) 
Ky, y,z) = - Kx y, 72) (34c) 


The above image theory can be also applied if sources (Ji, J2) in (33) are replaced 
by incident fields (Ej, Eż), and (К,,К;) in (34) by (Hi, H5). 

Now if the perfect electric conductor in Fig. 4a is replaced by a perfect 
magnetic conductor, the relations in (33) and (34) must be replaced by: 


Лл, y, z) = +/5(х,у,—2) (35a) 
Лу(х,у,2) = +Ј(ж, у, —2) (35b) 
Ju(x,y,z) = —J2(x,y, —2) (35c) 
Кук, у,2) = - Kx у, 72) (36a) 
Ку(х,у,2) = — Кох, у, —2) (36b) 
Ki, yz) = * Koi y, 72) (36c) 


4. The Babinet Principle 


The Babinet principle relates the field solutions of two problems with 
complementary configurations and dual sources. 


Scattering Problems 


Let us first consider the scattering version of the Babinet principle involving the 
following two scattering problems: 


(a) As sketched in Fig. 5a, an infinitely large, thin, perfectly conducting plane 
X, with apertures lies in the plane z = 0. It is illuminated by an incident 
field, from z « 0, described by 


Е! = Е, Hi = Н (37а) 
We express the total electric field by 


Ej + Ej forz > 0 
| = (37b) 


Ei + Ej + Ef forz<0 


Here Ej is the reflected field from an infinite conducting plane (without 
aperture) at z = 0 due to the incidence of (37a), and E? is the diffracted 
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2 2 


а (Ej, Hj) 


Fig. 5. Two scattering problems related by the Babinet principle. (a) Perfectly conducting 
plane X, is infinitely large. (b) Planes Y, are complementary to Ў. 


field. (If apertures were absent, E? would be zero.) A similar expression 
holds for the total magnetic field но“. 

(b) Complementary to the infinite plane X, in Fig. 5a, we have two thin, 
perfectly conducting planes sketched in Fig. 5b. They are denoted by 2p. 
Let £, be illuminated by an incident field from z < 0 described by 


Е; = -ZH, НЮ = YE (38а) 
where 2 = Y^! = Vule. We express the total electric field everywhere by 
Ею“! = E) + Ej for all 2 (38b) 
A similar expression holds for НУ". 
In the transmitted half-space the Babinet principle states that 

Eit! 4 ZH! a Eo -0 
m tesi forz > 0 (39a) 

нога — YE?" — Ho = 0 


when stating in terms of total fields; or 


Ej + ZH; + Eo = 0 


| forz > 0 (39b) 
Hi – YE; + Ң = 0 


when stating in terms of scattered fields. In the reflected half-space the Babinet 
principle states that 


kil КА: Ба — Ej = 0 
forz < 0 (40а) 


Hie! + YE! РЕЈ Н: = 0 
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when stating in terms of total fields; or 
Е! - ZH; = 0 
for z < 0 (40b) 
Hj + УЕ; = 0 


when stating in terms of scattered/diffracted fields. In either problem (а) or (5), the 
following relations hold for the field in the aperture (nonmetal part) at the 2 = 0 


plane: 
puse (41) 
uel = Hi, нее Эн Hj (42) 


This is due to the fact that the induced surface current on the conducting screen >, 
or X; produces symmetric (Е°, E3, Н), and antisymmetric (Ез, Hy, Ну) on the two 
sides of the z = 0 plane. 


An Impedance Problem 


Consider two complementary planar antennas: the slot antenna excited by 
a voltage source across the small gap ab in Fig. 6a, and the strip antenna excited by 
a voltage source across the small gap cd in Fig. 6b. Their impedances are related by 


Z? (43) 


Zslot Zstrip = 


1 
4 


Fig. 6. Two complementary planar antennas. (a) Slot excited at (a, b). (b) Strip excited at 
(c, d). 
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where Z = УшЕ is the intrinsic wave impedance of the unbounded medium 
where both antennas are situated. 


5. Reciprocity 


The reciprocity theorem is useful in formulating problems as well as checking 
final answers. It “removes” the explicit dependence of media from a radiation or 
scattering problem. 


Bra-Ket Notation 


‘ A source A generally consists of an electric current described by its density 
1.(к) and a magnetic current described by its density K,(r). In a given environment 
the field produced by А is (E,, H,), denoted by F,. Over a volume V the “reaction” 
between a source A and a field F, = (Еь, Нь) is defined by [4] | 


(AVR) = | „бик - Кира» (44) 


which has the unit of watt. Through a surface 5 (not necessarily closed) the cross- 
flux of two fields Е, and F, is defined by [4] 


(ESSE) = | (E, X H, — Ех H,)-Nds | (45) 
5 


which again has the unit of watt. The surface 5 in (45) is oriented, meaning a unit 
normal N is specified. 


The Lorentz Relation 


For a volume V, its boundary is a closed surface 5. To emphasize this relation 
we use the notation 5 = ду. We choose the normal Ñ of S pointing outward (away 
from V). Consider two fields F, and Е, produced by sources A and B, respectively 
(Fig. 7). The Lorentz relation reads 

(F,SF,) = (AVF,) — (BVF,) (46a) 


or, more explicitly, 
| (E, х Н, — Ех H,)-N ds = | (J, Eb = K.: Hb) dv 
$ У 
- | (ЈЕ, = Ky H,)dv _ (46) 
у 


The relation in (46) holds under rather general conditions, namely: 


(a) Sources A and/or B may be inside or outside V. 
(b) Fields Е, and F, may be produced in different media provided that these 
two media coincide inside V. 
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b 


Fig. 7. Fields (F,, Еь) are produced by sources (A, B), respectively, where blocks (1,2,3) 
are scatterers and the medium in (a) is identical with the medium in (b) only inside V, not 
necessarily outside. (a) Field produced by A. (b) Field produced by B. 
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(c) The media are isotropic, but may be inhomogeneous with scatterers 
presented. 


Several useful properties of the cross-flux term in (46) are listed below: 


(а) (ЕВ) = —(ЊЗЕ) 

(b) (F,SF,) = (F,S,F,) if there is no source between the closed surfaces 
S and 51. Thus we can deform surface 5 to S, without crossing sources. 

(c) Over the closed surface 5, if an impedance boundary condition of the form 


Eu, = ZN х Ha, (47a) 
is satisfied for both fields F, and F,, then 
(F,SF,) = 0 (47b) 
A more general version of (47a) is 
Eus = ЯН (47c) 


where Z is a 2 x 2 matrix. The relation (47b) holds if the trace of Z is zero. 
We also mention that (AVF,) = 0 if source A is outside V. 
The Reciprocity Theorem 


A useful application of (47) is stated below. Let volume V be an infinitely large 
spherical volume enclosing sources A and B, and be denoted by V... Over the 
surface 5 = ду. both fields are locally plane waves and therefore satisfy (47a). 
The use of (47b) in (46) leads to the reciprocity theorem: 


(AV,E,) = (ВУ, Е,) (48а) 


or, more explicitly, 
[| асв - Кено = | ов, - кену (485) 
V. у. 


Reciprocity holds for isotropic media, homogeneous or inhomogeneous, but it 
generally does not apply to an anisotropic medium, such as a magnetoplasma. 


6. Huygens' Principle 


Let F — (E, H) be the field produced by source A — (J, K) in medium a 
(Fig. 8a). Over an arbitrary closed surface 5 enclosing A, we define a Huygens’ 
source described by surface current densities as 


= NxH 
Д over 5 (49) 
К, =ЕХМ 
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Fig. 8. Huygens’ source (J,, K,) produces field F outside V and zero field inside V. (a) Field 
F produced by source. (b) Huygens' source. 


It may be shown that, when radiating in medium a, the Huygens' source produces 


(a) zero field inside V, and 
(b) the original field F outside V. 


Thus, for observation points outside V, source А and its Huygens' source are 
equivalent. From (J,, К,) in (49) we may calculate its exact radiation field by using 
(20) in Chapter 1, or its far field by using (21) or (48) in Chapter 1. 

The Huygens' source is not unique. In addition to the one given in (49), an 
alternative Huygens' source is 


= хн’ 
2) over 5 (50) 
К; =Е XN 


Here (E', H’) is the field produced by source A in medium b, which coincides with 
medium a inside V and may be different from medium a outside V (Fig. 9). The 
source (J;, К,) radiating in medium a (not Б) produces the original field F out- 
side V. 


7. The Kirchhoff Approximation 


Consider an infinitely large perfectly conducting screen У, with a finite 
aperture 2, (Fig. 10а). For a given source А = (J, К), the problem is to find the 
transmitted field F = (E, Н) in the upper half-space z > 0. If the dimension of 2; is 
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MEDIUM b = MEDIUM a INSIDE V / MEDIUM Ь + MEDIUM а OUTSIDE V 
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Fig. 9. In calculating the Huygens' source, medium a may be replaced by medium b. 
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Fig. 10. Three versions of the Kirchhoff approximation for the field in the upper half-space 
z > 0. (a) Radiation problem. (b) Approximating electric and magnetic currents. 
(c) Approximating electric current alone. (d) Approximating magnetic current alone. 
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large in terms of wavelength, the field F may be approximately calculated by using 
one of the following three versions of Kirchhoff's approximations: 

(a) Electric and magnetic currents (Fig. 10b). We replace source A by an 
equivalent surface source distributed over the aperture 2: 


J, = Nx H! 
‚ „р over 22 (51) 
К, =Е x N 


Неге Ñ = 218 the outward normal of 2. Field (Е', Н“) is that produced by source А 
in the absence of screen X,. The field produced by (Ј,, K,) in the absence of X, is Fy, 
which is an approximation of F in the upper half-space 2 > 0. Note that F, is not a 
good approximation of F for z « 0. 

(b) Electric current alone (Fig. 10c). The equivalent source in (51) consists of 
both electric and magnetic surface currents. An alternative equivalent source is 
(2J,,0), which doubles the electric current in (51) and contains no magnetic 
current. The field produced by (245,0) in the absence of 2, is F2, which is the 
second approximation of F for 2 > 0. 

(c) Magnetic current alone (Fig. 10d). Another equivalent source is (0, 2K,), 
which doubles the magnetic current in (51) and contains no electric current. The 
field produced by it in the absence of 2, is Ёз, which is the third approximation of F 
for 2 > 0. 

Version (a) above is sometimes known as the Stratton-Chu formula. Field Р, 
is the average of F, and Ёз. Kirchhoff's approximation has been applied to 
transmission through aperture problems in which the aperture is not necessarily in a 
planar screen, such as radiation from an open-ended waveguide. 


8. Scattering by an Obstacle 


Consider the scattering problem sketched in Fig. 11. The obstacle (scatterer) is 
illuminated by an incident plane wave F' given by 


E'(r) = С VZu, "€ 52 
b | [| х „е _ 


К, = wave vector with magnitude k = суде and pointing in the direction of 
propagation of F' 


where 


2 = ҮС! = Yule 
ш = а unitary vector which describes the polarization of F‘ and is orthogonal 
to К, 


С = amplitude of Р” in (watt)? (meter)! 


We say that F' is in state (k,,u,). In the presence of the obstacle the total field 
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Fig. 11. We are interested in the scattered far field at г with state (Ко, u2) when an obstacle is 
illuminated by an incident plane wave Е“ with state (Куш). 


everywhere is the sum of F i and a scattered field F. At a far-field observation point 
r, field F is represented by a spherical wave 


ү | ИГ Ө à 
H(r) ҮҮК, х A(k)) " nos en) 


The distance r is measured from a reference point O in the vicinity of the obstacle. 
Vector k; has a magnitude equal to k and is in the direction of Or. The amplitude 
vector A(k;) given іп (watt)? may be decomposed into two orthogonal 
components, as discussed in Section 7, Chapter 1. Let us concentrate on a 
particular component of А(К>) with polarization чу, namely, A-u3. We introduce 
the notation (after G. A. Deschamps) 


AQ, 1) = A(k)u (54) 


which represents the scattering amplitude in state 2 (diréction k; and polarization 
оз) due to an incident plane wave in state 1. Using this notation, we will introduce 
some definitions and theorems for the scattering problem in Fig. 11. 


Bistatic Cross Section 


The bistatic cross section (BCS) in square meters from state 1 to state 2 is 
defined by 


_ Ала, ПР _ АлјА(к ул 
Ic? Ic? 


BCS = (55a) 
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_ 4n (intensity of scattered field in state 2) 
7 power density of incident plane wave in state 1 


Radar Cross Section 


The plane wave in (52) is in state 1 described by (k;,u;). Its time-reversed 
counterpart is in state 1’ described by (—k,, uy). Note that these two fields have the 
same polarization.* The radar cross section (RCS) in square meters is a special case 
of the bistatic cross section BCS(2, 1) with state 2 equal to state 1', namely; 


4л|А(1', 1)? _ 4x] AC- ki) 3 


RCS - = 
= © ic? 


(56a) 


_ 4л (intensity of scattered field in state 1’) (56b) 
~ power density of incident plane wave in state 1 

We will consider two examples of RCS. (a) For a smooth conductor whose 
dimension is large in terms of wavelength and is illuminated by a linearly polarized 
incident field, its RCS is approximately independent of polarization and is given by 


RCS = z|R,R;| (57a) 


where R, and А, are two principal radii of curvature of the conducting body at the 
specular point P (Fig. 12). The point P is determined by the relation in which the 
surface normal N is in the opposite direction of k,. We assume that there is only one 
such specular point. If the conductor is a sphere of radius a, the use of (57a) leads to 
RCS = ла“, a well-known result. (b) For a rectangular conducting plate of 
dimension a x b in the 2 = 0 plane, the RCS is again approximately independent of 
polarization and is given by 


1 sin a sin В 
RCS = p (kab cos Лана! (575) 
where 
(00, фо) = spherical angles of back-scattered wave vector К; or —k, 


а = kasin босов фо 
В = kbsinO,sin фо 


The expression in (57b) is approximately valid when dimensions (a, b) are large in 
terms of wavelength, and incident angle 0, is not too large (near normal incidence). 

The RCS defined in (56) is proportional to the scattered intensity in the same 
polarization as the incident one. It is also known as the RCS for the copolarization. 
We can define an RCS in square meters for the cross polarization by 
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CONDUCTOR 


Fig. 12. The radar cross section (RCS) of a large, smooth conductor. 


4x|A(-Kki): vi 


RCS for cross polarization — ice (58a) 
Here v, is the unitary vector describing the cross polarization satisfying 
vik, = 0, vrvi =1, угаї = 0 (58b) 


A common choice for the copolarization and cross polarization is ш describing 
vertical polarization and v, horizontal polarization, or vice versa. This results in 
four values for RCS, with two of them being equal. 


Reciprocity 


In terms of the notation in (54), the reciprocity for the scattering amplitude 
may be stated as 


А(2,1) = А(1,2') (59) 
The amplitude A(2, 1) is explained in Fig. 11, and amplitude A(1', 2") in Fig. 13. 


Scattering Cross Section 


For the scattered field in (53), the scattering cross section (SCS) in square 
meters is defined by 


SCS = ie? | lA? do (60a) 


_ total scattered power in all directions and all polarizations (60b) 
i power density of incident plane wave in state 1 


Clearly, SCS is a function of the incident state 1. It can be shown that SCS of a 
lossless obstacle is related to the forward scattering amplitude by 
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Fig. 13. Reciprocity applies to the above situation and that in Fig. 11. 


4z 


SCS = S im(A(1,1)) = S im(A(k)-ut) (61) 


which is known as the scattering cross section theorem. 


i Physical Optics Approximation for Scattering by a Conductor 


Consider the scattering problem in Fig. 11, with the incident field described by 
(52) and the scattered field by (53). If the obstacle in Fig. 11 is a perfect conductor, 
the scattered field is due to the radiation of a surface electric current J, on the very 
surface of the conductor. At high frequencies we may use the so-called physical 
optics approximation for J,, namely, 


(62) 


ji 2N x Н! forr in the lit region 
(r) = 
0 for r in the shadow 


For a convex obstacle the lit region is defined by relation k,-N < 0, and shadow 
region by k,- N > 0. The scattered field defined in (53) is the radiation field of J, in 
the unbounded space. The scattering amplitude in state (k2, u2) may be calculated 
from (62) above and (48) in Chapter 1. The final result is 


A(kz)-u = [ur x (k, x «|| | | Rector ди | (63а) 
lit 


where the surface integration is over the source point r' in the lit portion of the 
conductor surface. For backscattering, k; = —k,, and (63a) is reduced to 


A(—k;)uf = AC | (uu ||| | | 1 Ne ет аи | (63b) 


it 
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For backscattering in the same polarization as the incident one, we set u; = uf in 
(63b) and obtain 


A(—k,)-(uf)* = E 081 | бен" а | (63c) 


If the incident field is linearly polarized, u, is real and upu = 1 (see Section 5, 
Chapter 1). If the incident field is circularly polarized, we have uyu, = 0, implying 
that the backscattered field calculated from (63c) is zero in the copolarization, and 

" all of the backscattered field is in the cross polarization. At high frequencies we 
may evaluate the integral in (63a) by the stationary phase point method [5]. The 
leading term of this evaluation gives precisely the geometrical optics field that can 
be directly calculated by ray techniques. 


Two Other Versions of the Physical Optics Approximation 


Consider the scattering problem sketched in Fig. 14. An electrically large 
perfect conductor is illuminated by an incident field (EŻ, H^) from a source at point 
A. The scattered field F(B) at B is to be found. According to the physical optics 
approximation described above, we may approximate F(B) by F,(B). Here F,(B)is 
the field produced by a surface current J, on the conductor's surface radiating in the 
free space, and J, is given by 


2N x Hí for r in the surface portion visible from А 
3. (г) = (64) 


0 elsewhere on the conductor's surface 


The surface portion with nonzero Ј, 15 indicated by a zigzag line in Fig. 14a. The 
second version of the physical optics approximation is to approximate F(B) by 
ЕВ). The latter is produced by а magnetic surface current K, radiating in the free 
space, and K, is given by 


/ 
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Fig. 14. Scattering by a large conductor: two versions of the physical optics approximation. 
(a) Using electric surface current $.. (b) Using magnetic surface current K,. 
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2E x Ñ forr in the surface portion visible from B 


K,(r) = | (65) 


0 elsewhere on the conductor's surface 


The surface portion with nonzero K, is indicated by a zigzag line in Fig. 14b. Note 
that J, and К, are distributed over different portions of the conductor's surface. 
A third version of the physical optics approximation is to approximate F(B) by the 
average of Fi(B) and F;(B). When the positions of the source and the observation 
points are interchanged, the reciprocity holds in the third version, but not in the 
first two. It is also interesting to mention that the three versions of physical optics 
. аге the counterparts of the three Kirchhoff approximations discussed in Section 7. 


9. The Antenna as a One-Port Device 


An antenna is usually fed through a transmission line or a waveguide, as 
the two examples sketched in Fig. 15. We assume that the transmission line 
(waveguide) supports only one propagating mode. The total field along the line 
(inside the waveguide) is a superposition of two traveling waves, one in the 4z 
direction and one in the —z direction: 


E(r) = e(x, y) [ae P? + Бе*!:] (66a) 
H(r) = h(x, ујјае 7 — be*/?] (66b) 


The reference plane z = 0 can be arbitrarily chosen, and need not be exactly at the 
antenna-transmission-line junction. Here В is the propagation constant of the 
dominant mode, and (a,b) are wave amplitudes in (watts)'”. Transverse field 
variations are described by (e,h), whose units are (052т!,0:12т:)), respec- 
tively, and satisfy the normalization condition 


|| (e X h*)-zdxdy = 1 (67) 


SOURCE FEED 


WAVEGUIDE 


had 


SOURCE 


TRANMISSION 
LINE 


Fig. 15. Antennas are fed via transmission lines or waveguides. (a) Dipole. (b) Horn. 
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where the integration is over the infinite plane transverse to the transmission line, | 
or the transverse cross section of the waveguide. The ratio | 


Г = bla (68) 


is called the E-field (voltage) reflection coefficient at a reference plane 2 = 0. The 
H-field (current) reflection coefficient is —Г. 

The above description of the field in the waveguide is from the wave viewpoint. 
Alternatively, it may be described from the circuit viewpoint. To do so, we are 
forced to introduce a so-called characteristic impedance 2; = Ус ! and then define 
the (modal) voltage and current by 


V*-yZ.a, І =VY.a (69) 


where the superscript + signifies a wave traveling in the (+2) direction. We 
emphasize that in a general waveguide there is no obvious (unique) way to define 
7. because the ratio of transverse electric and magnetic fields varies from point 
to point. As an example, for a rectangular-feed waveguide having cross section 
(c X d) with c > d, we have 


ууй (252) cos( Zx) | (70а) 
h(x,y) = (2068) '2xe (70b) | 
where 
Z = Y^! = (ule)'* 
В = k[1 — (л/кс)?|!? (71) 


As for the characteristic impedance, there are at least four commonly used 
definitions, namely, 


Za = 2КІВ (72а) 
Zez = X(dlc)Za (72) | 
Za = (л?/8)(4/с)27.\ (72с) 
Zoa = (n/2)(dle)Za (72d) 


Thus there are at least four different ways to define the (modal) voltage and current 
in the rectangular waveguide, corresponding to the four choices of 7, in (72). 

Once a choice of 2, is made, we find the (total) voltage and current at the 
reference plane 2 = 0 are given by 
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V-V* + У“ = VZ.(a + b) (73) 
1=Г + Г = VY.(a – b) (74) 


The input impedance of the antenna is defined by 


Zin чу Ат 017 (75) 


па t= (76) 


= (Zin Zo) =a 2 Ite (Yi/Y.) (77) 

7 (ZZ) +1 1+ (Ты) 

It is clear from (76) that antenna impedance Z;, also depends on the choice of 7... 
The power transmitted (radiated) from the source into the free space via the 

antenna is given by 


Р, = Re| е x нэуааса | (78а) 
= |а}? – |b? = (a)? — Ir’) (78b) 
- Re(VI*) (79) 


The reflected power back toward the source (due to the mismatch of Z, and Zin) 
is |b|?. 


10. Three Ideal Sources for Transmitting Antennas 


As discussed in the previous section, an antenna as a one-port device can be 
described by either wave amplitudes (a, b), or by circuit parameters (V, /). When 
the antenna is used for transmitting, a source is connected to the transmission line 
(or feed waveguide). Following Deschamps [6], we will introduce three principal 
ideal sources: 


(a) unit amplitude source (defined by a = 1 (watt)!2) 
(b) unit voltage source (V — 1 volt) 
(c) unit current source (/ — 1 ampere) 


Their graphical representation is shown in Fig. 16. Note that the dot in each source 
indicates the propagation direction of the incident wave leaving the dot, the 
positive voltage terminal at the dot, or the current out of the dot. The term “Зава!” 
is used because those sources have special internal impedance Z,, viz., 
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Fig. 16. Three ideal sources for transmitting antennas. 


(а) 7, = Z. for the amplitude source, in which 7, is the characteristic 
impedance of the transmission line. Thus the source is matched to the 
transmission line, and there is no reflection at the source - transmission-line 
junction. (However, the mismatch at the antenna-transmission-line junc- 
tion may still exist; Ze may or may not be equal to 2.) 

(b) 2, = 0 for the voltage source so that there is no internal voltage drop within 
the source. 

(c) Z,- œ for the current source so that the total source current enters the 
transmission line. 


In Fig. 16 we use the zigzag line, straight line, and gap inside the circles to indicate 
the source impedances. 

For a transmitting antenna any one of the three ideal sources may be used as 
the excitation. For each case, we list in Table 1 the internal feed waveguide 
quantities (У, 1, a, b) and the external radiation quantities (radiated field F and its 
power P,). Here F stands for vector fields (E, H). The subscripts (1,2,3) are used 
to identify excitations due to a unit (amplitude, voltage, current) source. For 
example, a, is the value of a when the excitation is a unit amplitude source, and F3 
is the value of F when the excitation is a unit current source. The three fields 
(Fi, Fz, F3) in Table 1 are related by 


_ ҮҮ, У, _ 1 ( vi у, 
В тага ток: у. д (80) 
VZ. 13 1 ( =) I, 
F, = 1c ra = 3VA 1+ Z. арч (81) 


where а, = 1 (watt)'?, У; = 1 volt, and /; = 1 ampere. 


11. Three Ideal Meters for Receiving Antennas 


When an antenna is used for receiving, the source is replaced by a receiver or, 
for our present purpose, a meter. Again, following Deschamps we introduce three 
principal ideal meters: 


(a) Amplitude meter, which measures the incoming traveling-wave amplitude 
b at a reference plane 2 = 0, and has internal source impedance Z, = 2; 
such that the meter is matched to the feed waveguide. (The antenna 
impedance Zin may or may not be matched to Z,.) Note that b is a complex 
number, including both magnitude and phase information. 
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Table 1. Relationships for Transmitting Antennas 


Amplitude Voltage Current 


V (volt) VZ(1 + Га, 


1 (ampere) YY.(1 - Га, 


a (watt)? a, = 1 


b (watt)!? Ta, 


P, (watt) (1 - |Г| аг 
Field Fi 


Source 


impedance 2, (matched) 0 (short) 


(b) Voltmeter, which measures the voltage V at a reference plane 2 = 0, and 
has an infinite internal source impedance (Z, — 90) such that V is the open- 
circuit voltage. 

(c) Ammeter, which measures the current / at a reference plane z = 0, and has 
a zero internal source impedance (Z, = 0) such that / is the short-circuit 
current. 


The graphical representation of meters is given in Fig. 17. Note our convention 
that the circles represent sources, while squares represent meters (compare Figs. 16 
and 17). 

When the receiving antenna is illuminated by an incident field we may connect 
any of the three ideal meters in Fig. 17 to its feed waveguide, corresponding to 
matched-load, open-circuit, and short-circuit situations. Table 2 lists the internal 
feed waveguide quantities (V, 1, a, b). The subscripts (4, 5, 6) are used to identify 
the use of an (amplitude meter, voltmeter, ammeter). For the same incident field 
the three situations are related by 


2b Zin 
У; = VZ.-— = sz (1 + 22) (82) 
LE Le 
22 1-0 I 
-- 
а b b C 


Fig. 17. Three ideal meters for receiving antennas. (a) Amplitude. (b) Voltage. (c) Current. 
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Table 2. Relationships for Receiving Antennas 


Amplitude Voltmeter Ammeter 


V (volt) 0 


1 (ampere) 16 

а (watt)!? 3 ИЖ 

b (мак)! > VZ. le 
о impedance 2. (matched) 0 (short) 


Yin 
[6 = Y. 1+Г = -b У (1 + ze) (83) 


Commonly, V5 is known as the open-circuit voltage, and 16 as the short-circuit 
current of a receiving antenna. 


12. Reciprocity between Antenna Transmitting and Receiving 


The reciprocity theorem in a circuit is well known. Its application to antennas, 
however, is not simple for the reason explained below. If viewed from the 
transmission line, the antenna looks like a circuit element whose transmitting and 
receiving properties are describable by two (complex) numbers: (a, b) or (У, 1 ), as 
discussed in Section 9. Outside the antenna in the free-space region, either the 
radiated field of the transmitting antenna or the incident field on the receiving 
antenna is more complex. They are vector fields characterized by polarization and 
spatial variation, which are not describable by circuit quantities. Hence the 
reciprocity for an antenna cannot be simply stated by the usual exchange of sources 
and meters. In this section we will give two reciprocity relations for antennas. 


Reciprocity Involving General Incident Fields 


Consider the transmitting situation in Fig. 18а, where the antenna is excited by 
a unit amplitude source with а, = 1 (watt)!?. The radiated field is Е, = (Ei, Н,). In 
the receiving situation (Fig. 18b) the same antenna is connected to an amplitude 
meter with matched impedance (so that a4 — 0), and is illuminated by an incident 
field F, — (E4, H4). Then a reciprocity states [6] 


1 x 
b4 = a |. x H, — Е, х Н,)-Х45 (84) 
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Fig. 18. An antenna in transmitting excited with a unit-amplitude source, and in receiving 
connected with an amplitude meter. (a) Transmitting. (b) Receiving. 


1 
= 55 (FASFi) 


Here $ is an arbitrary closed surface which encloses the antenna but excludes the 
source of F4. Its outward unit normal is Ñ. It is emphasized that F, is the incident 
field that would exist in the absence of the antenna in Fig. 18b, and does not include 
the scattered field F4 from the antenna. It can be shown, however, that (84) 
remains valid if F4 is replaced by F4 + F4, because the cross flux (F4SF;) = 0. 


Reciprocity Involving Plane Waves 


In many applications we are interested in a special case of Fig. 18, namely, 
the radiated field F, in the transmitting situation is known in the far-field zone 
(Fig. 19a), and the incident field F, in the receiving situation is a plane wave 
(Fig. 19b). We express the radiated field F, by 


» E,(r) VZ A(k) e`} 
neo] 2-2 po Wes МА 


шоо гл 
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Fig. 19. Same antenna as Fig. 18 except incident field F, is a plane wave. (a) Transmitting. 
(b) Receiving. 
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where Z = Y^! = (u/e)'”. We represent the incident field Р, by 


= E,(r) = yZu* m 
“1 4 2247-0009 


whose amplitude is C in (watt) !?/meter, propagation vector (—k), and polarization 
vector u*. Then a reciprocity relation states [6] 


b. = -ji (E) law" ет 


where A = 2л/К is the free-space wavelength. If the open-circuit voltage and short- 
circuit current in the receiving situation are of interest, we may use (87) or (84) in 
conjunction with (82) and (83). The interpretation of (87) is as follows: The 
received amplitude b, of an antenna under the matched condition due to the 
incidence of a plane wave in state (—k, u*) is proportional to the antenna radiation 
far-field amplitude in state (К, и). [Remember that (—k, u*) and (k, u) have the 
same polarization. | 


Antenna Effective Length 


Consider the receiving situation in Fig. 19b, where the antenna is connected to 
a matched meter and is illuminated by an incident plane wave F, defined in (86). 
The effective length h is defined by the relation 


У; = h-E,(r = 0) (88) 


where V; is the open-circuit voltage of the transmission line at a reference plane 
z = 0, and E,(r = 0) is the electric field at a reference point O of the incident plane 
wave given in (86). From (88), (87), and (82) we conclude that 


h= И ( + Zo) (/2-) aw (89) 


where Z = (иш). Clearly h is a complex vector in meters. The relation in (89) 
relates the effective length h and the far-field amplitude A(k) of an antenna. 


Transmitting Field in Terms of Effective Length 


Excited by a unit amplitude source (a — 1), the transmitted far field E, is given 
in (85). Now if the same antenna is excited by a unit current source (1 = 1), the 
corresponding transmitted far field E; is then given by 

Zin Е 


Ез(г) ~ ~ yzz(i + zi A(k) © 


r— o (90) 


r » 


where we have used the formula (81) in relating E, and Ез. Replacing A by h in 
accordance with (89), we rewrite (90) as 
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—jkr 


: (91) 


е 


2 
Ез(г) үз 5 h 


which may be used as an alternative definition of the effective length h. 
Receiving Cross Section 


Consider the receiving situation in Fig. 19b, where the antenna is connected to 

a matched amplitude meter. The incident plane wave is given in (86), with 

amplitude C and state (—k, u*). The received wave amplitude is 54, given in (87). 

Then we define the receiving cross section (effective area) о in state (К, и) of the 
' antenna by 

b, 2 

C 


_ received power of the antenna under matched condition 


o(k,u) = 


^. power density of incident plane wave in state (—k, и“) (92) 
in square meters. Making use of (87), we have 
1 2 
o(k,u) = 2? z Atk) (93) 
1 


A partial gain of the antenna in state (К, и) is defined by (Section 10, Chapter 1) 


gi(k,u) = 47 4 A(k)-u* | (94) 


From (93) and (94) we have 


gi(k, и) = Sz Ok, и) (95) 


where а; = 42/4л is sometimes known as the receiving cross section of the fictitious 
isotropic radiator. As discussed in Section 10, Chapter 1, the partial gain g, in a pre- 
ferred polarization u is related to the (total) gain G, in all (both) polarizations by 


gi(k,u) = G,(k)|u*-Ul* (96) 
where U describes the polarization of the antenna in direction k. Substituting (96) 
in (95) gives 
12 
o(k,u) = 2 м* ОРСК) (97) 


which relates the receiving cross section and the gain of an antenna. The factor 


л ы mE DINING Эг рэн 
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р = |u*-U/? (98) | 


is called the polarization efficiency (or polarization mismatch factor). We emphasize 
that unitary vector u* (not u) describes the polarization of the incoming plane wave 
in direction (—k), while U describes the polarization of the receiving antenna in the 
outgoing direction (+k). For example, let К = 2 and U = (Ж — j$)V2 for a right- 
hand circularly polarized antenna. If the incoming plane wave is also right-hand 
circularly polarized, we have u* = (& + j$)/V2 and р = 1. 


13. The Radar Equation and Friis Transmission Formula 


The configuration of a bistatic radar is sketched in Fig. 20. The obstacle | 
(target) in the vicinity of point 0 is illuminated by an incident wave from the 
transmitting antenna at point 1. A part of the scattered energy is received by a 
receiving antenna at point 2. Both distances R, and R, are large in terms of 
wavelength so that the scatterer is in the far-field zones of the antennas. The 
problem at hand is to determine the power ratio Pj/P,, where 


P, — power incident from the generator to the transmitting antenna, 
Р, = power received by the receiver via the receiving antenna. 
To this end we need to define the antennas and the obstacle more precisely, as 


below. 
(a) In the vicinity of point 0, the radiated field of the transmitting antenna is in | 


В, = DISTANCE 10 OBSTACLE 
Е. = DISTANCE 20 


TRANSMITTING 
ANTENNA 


RECEIVER 


Fig. 20. A bistatic radar. 


Theorems апа Formulas 2-37 


the direction k, and has a polarization described by a unitary vector U,. In other 
words, the state of the transmitting antenna at point 0 is (Ку, U,). The gain of the 
transmitting antenna in the direction k, is G,(k,), which is related to the directivity 
Рик) by 


Gi(ki) = m(Q – Ir Di(k) (99) 


Here 7, is the transmitting antenna efficiency accounting for the conductor and 
dielectric losses, and Г, is the reflection coefficient accounting for the impedance 
‚ mismatch between the transmitting antenna and its feed (Section 10, Chapter 1). 
(b) If the receiving antenna were used for transmitting (Fig. 21), the state of its 
radiated field at point 0 would be (Ко, U2), and its gain would be G;(k;). A relation 
similar to (99) holds for G; and D;. 

(c) Due to the illumination from the transmitting antenna the obstacle 
produces a scattered field at point 2, with state (Ко = —k2, Up). Its bistatic cross 
section from state (k,,U,) to state (Ко, Uo) is denoted by ће BCS. 

With the above description we may now calculate various power quantities. 
The power density Wo of the radiated field at point 0 from the transmitting an- 
tenna is 


~ 


Р! 


Wo = яр 


ОК) (100) 


in watts per square meter. The power density И; of the scattered field at point 2 
from the obstacle is 


OBSTACLE 


GENERATOR 


Fig. 21. The receiving antenna of Fig. 20 is now used for transmitting. 
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» BCS 

у; = Wo ал82 (101) 
The received power Р, by the receiver at point 2 via the receiving antenna may be 
calculated from (92) and (97) with the result 


2 
P- М а= |Uo-U2|?G2(k2) (102) 


Combining (100) through (102), we have the power ratio for the bistatic radar in 
Fig. 20, namely, 


P, _ВС$ ( a | р” 
Р, 4л (4лК,К, [Uo U2|*G (kı) G2(k2) (103) 


which is known as the radar (range) equation. 

Next, we will consider a special case of (103). Let us remove the obstacle in 
Fig. 21, and study the direct power transmission from point 1 to point 2 (Fig. 22). 
Making use of the following relations: 


К = —К|, Оо = Ui, К, = К 


W,-W, ВС = 4782 


then (103) becomes the Friis transmission formula for the far-field transmission 
between two antennas, namely, 


RECEIVING 
ANTENNA 


RECEIVER 


Fig. 22. Power transmission between two antennas. 
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2 
Р = (4) 10:45 СК) GC ki) (104) 


The factor (4/4л)? is called the free-space loss factor, and it accounts for the loss 
due to the spherical spread of the transmitted field. The polarization efficiency 


p = |U,-U,]? (105) 


accounts for the loss due to polarization mismatch between the transmitting and the 
‚ receiving antennas. If both antennas have the same polarization, О, = UZ and 
р = 1. (The conjugate on Už is due to the fact that U, refers to a propagation 
direction opposite that of U,.) Note the symmetry between 1 and 2 in the right- 
hand side of (104), implying that the same formula applies if the roles of the 
receiving and transmitting antennas are interchanged in Fig. 22. 


14. Noise Temperature of an Antenna 


For a high-resolution antenna a crucial factor that limits its ability to detect a 
weak signal is the antenna noise, which is the subject of the present section. 


Antenna Noise Temperature 


The receiving antenna sketched in Fig. 23 receives the desired signal as well as 
noise. We denote the available noise power at terminal X by P, in watts. It is a 
common practice to express P, in terms of an (effective) antenna noise temperature 
T, in kelvins via the relation 


RECEIVER 


TRANSMISSION 
LINE 


-————|-.--—wu 


Fig. 23. A receiving antenna receives thermal noises from external noise emitters. 
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= P,/(k' Af) (106) 
where 


к’ = Boltzmann's constant = 1.38 х 10723 J/K 


Af = bandwidth of the antenna receiving system in hertz 


The interpretation of (106) is that antenna noise power P, is equal to that of a 
matched resistor whose physical temperature is 7;. Hereafter we will use P, and T, 
interchangeably. Clearly, T, depends on the antenna receiving characteristics and 
external noise emitter. 


Brightness Temperature of an Emitter 


Every object with its physical temperature above the absolute zero (0 K) is an 
emitter of thermal energy in the form of electromagnetic waves. Within a narrow 
frequency band the amount of energy radiated in direction k and polarization u or 
simply in state (k,u) is proportional to a parameter called the brightness 
temperature T,(k,u). The latter is related to the physical temperature T, of the 
emitter via the relation 


ТК, и) = £(k,u)T, (107) 
where the dimensionless parameter г(К, и) is called the emissivity in state (К, и) of 
the emitter. To determine г(К, и) we illuminate the emitter by an incident plane 


wave in state (—k,u*). See Fig. 24. Then 


incident power absorbed by emitter 
incident power intercepted by emitter 


£(k,u) = 

For a large emitter an approximate formula for calculating its emissivity is 
2(К, и) = 1 — |Г(К, u)? (108) 
Here I'(k, u) is the reflection coefficient at the surface of the emitter. Since there 
are two independent polarizations we can define two independent (partial) 
brightness temperatures ТК, и) and Т,(К, v) in a given direction k, for each choice 
of orthogonal, unitary, polarization vectors (u, v). A common choice of (u, v) is 


u — horizontal polarization, v — vertical polarization (109) 


The sum of the two (partial) brightness temperatures gives the total brightness 
temperature 


T,(k) = Т,(К, ш) + Т,(К, v) (110) 


which is proportional to the total energy radiated by the emitter in direction k in 
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Fig. 24. To determine the emissivity e(k, u) of a noise emitter we illuminate the emitter by 
an incident plane wave of state (—k, и“). 


both polarizations. A blackbody absorbs all the incoming energy impinging on it 
(a perfect absorber). Its emissivity is unity (a perfect emitter), and /2Т,(К) = 
Тик, и) = Т(К,у) = T, for any direction К. 


Calculation of Antenna Noise Temperature 


The power received by a receiving antenna can be traced to three sources: the 
desired signal, interference from other coherent radiators, and incoherent noise 
from noise emitters. Fig. 25 shows some important noise emitters in the free-space 
environment. Let us concentrate on a typical noise emitter (No. 1 in Fig. 23). Its 
contribution to the antenna noise temperature can be calculated from the following 
formula: 


ee m А ; 
Т, = | sin 040 |: do [T;(—k, u*) d(k,u) + 7,(—k, у*) 4(К,у)] (111) 


0 


where 


(u, v) = unitary vectors describing two orthogonal polarizations 
d(k, ч) = (partial) directivity of the antenna in state (k, и) 


T,(—k,u*) = (partial) brightness temperature of the emitter in state (—k, и“). 
Note that states (К, и) and (—k, 87) have the opposite directions 
but the same polarization 


If there is more than one noise emitter in space, the superposition principle applies 

to the calculation of T,. This is so because noise emitters are incoherent and (ће | 
superposition of powers (temperatures) is permissible. For an idealized omni- 

directional antenna, which radiates equally in both polarizations, we have d(k, u) = 

d(k, v) = 1/2, and 
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Fig. 25. Important noise emitters for a receiving antenna. (Courtesy Y. T. Lo) 
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Fig. 26 presents some typical values of Tao of an omnidirectional antenna, together 
with the noise temperature of a typical receiver. 


Noise Power at the Receiver's Terminal 


Corresponding to the antenna noise temperature T, in (111), the available 
noise power at terminal È in Fig. 23 is given by P, according to (106). This incoming 
power propagates through the transmission line, and arrives at the receiver's 
terminal У’ with its value in watts equal to 


P'a = К АРТ, + (= n)Tol (113) 
where 


п = power transmission efficiency between terminals > and 2' 


То = physical temperature of the transmission line 


Theorems and Formulas : 2-43 
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Fig. 26. Median values of average antenna noise temperature for an omnidirectional 
antenna near the earth’s surface. (After Sams [7], © 1975 Howard W. Sams & Company, 
Indianapolis; reprinted with permission) 


The power transmission efficiency is defined by 


output power at terminal >' 

= тг 25226557 (114) 
input power at terminal > 

It includes the power loss due to the mismatches at > and £’, and conductor/ 

dielectric losses of the transmission line. 
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Introduction to Low-Frequency Techniques 


In this chapter we survey various techniques that can be used to evaluate 
antennas in the regime where their physical size is a maximum of a few wavelengths 
in extent. There are two basic approaches besides experimentation that can be 
considered for such problems: analytical and numerical. 

Analytical procedures are the older of the two, representing the only practical 
way to design and characterize new antennas prior to the advent of the -digital 
computer. These techniques are discussed in Part 1 of this chapter, beginning with 
the problem of finding the fields of a prescribed current for various geometries. The 
presentation follows a sequence of problems of increasing complexity, including 
expressions for radiation resistance and near and far fields. Also considered are a 
variety of tools that can be used to simplify or extend analytical techniques, based 
for example on image theory, duality, and the like. 

A common denominator of these analytical techniques, with the exception of 
the few problems that can be solved using boundary-value formulations, is that of 
assuming a current distribution. That approach, adequate for a surprising range 
of problems, can be extended in applicability by using variational techniques. But 
for really general problems more elaborate numerical computations are necessary. 
Part 1 concludes with presentation of several integral equations suitable for such 
numerical modeling, specialized to the wire geometries which make up the 
majority of low-frequency problems. 

The emphasis of Part 2 of the chapter is on numerical techniques. It extends the 
treatment of Part 1 to situations where the current distribution cannot be assumed, 
but must be solved as part of a generalized boundary-value problem. A dis- 
cussion of the issues needing consideration in developing and applying numerical 
techniques is given. These include the formulation, numerical implementation, 
computation, and validation. Both frequency-domain and time-domain techniques 
are considered. Numerous tables are used to summarize salient points, and a 
number of existing computer codes are outlined to give more concrete examples of 
what can be accomplished. 


Part 1 
Selected Analytical Issues for Antenna Engineering 
In this part on analysis we will cover the electromagnetic field equations used in 


antenna analysis, some antenna characteristics, and integral equations in antenna 
analysis. 
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1. Theory 


. This section treats the basic theory of electromagnetic fields as applied to the 
characterization of antennas. 


The Electromagnetic Field Equations for Antenna Analysis 


The fundamental equations for electromagnetics can be written in their time- 
dependent form or specialized to time-harmonic behavior as in Chapter 1, (1) 
through (3b). For the purposes of this chapter and the definition of antenna be- 
havior in the frequency domain, we will confine our attention to the time-harmonic 
Maxwell equations given by 


V x E= -jouH – К (1) 
VXH = jocE + J | (2) 
V-E = ole (3) 
VH = o,/u (4) 


with the continuity equations 
У-Ј = —jwo (5) 
УК = JOQm (6) 


The solution of the coupled differential equations for E and H when driven by the 
forcing functions J and K has been the subject of numerous books and is beyond 
the scope of this work. Rather, we will employ the expressions in Chapter 1— 
(20a) and (20b)—which are written in terms of vector potentials [1], viz., the 
magnetic vector potential, A(r), and the electric vector potential, F(r). These 
expressions are presented in Chart 1. Also shown in that chart are alternate repre- 
sentations obtained from direct integration of the field equations [2, 3, 4, 5,6, 7]. In 
the equations, V' implies operations in the source or primed coordinates. The 
equations in Chart 1 are the general representations for the electromagnetic fields 
due to volumetric distributions of electric and magnetic sources in an unbounded 
homogeneous medium. 

The Chart 1 representations are most useful when evaluating the fields due to 
assumed (or approximate) current distributions. While this may often be adequate, 
the current distributions on complex structures can be difficult to accurately predict 
or approximate. In such cases it may be possible to solve Maxwell's equations 
directly subject to appropriate boundary conditions and driving conditions for the 
fields and the induced surface currents. This approach is particularly useful when 
the antenna geometry conforms to a separable coordinate system, but since the 
class of antennas fitting separable coordinate systems is limited, the direct solution 
of Maxwell's equations (or the corresponding wave equation) has also been limited. 
An alternative to solving Maxwell's equations is to cast the field equations into 
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integral equations in which the induced source distributions in the form of J and K 
on the conducting surface are the unknowns driven by the exciting source. The 
radiated fields are then computed using equations of the form given in Chart 1. This 
particular approach, which has found significant usage in recent times, will be 
discussed in a later section. 

The complexity of the solution processes discussed above is justified for general 
geometries since the current distributions or the fields which result from the 
computations are consistent, i.e., they satisfy Maxwell's equations with the appro- 
priate boundary and driving conditions. As a result a great deal of confidence can 
be placed in the results of the computation. On the other hand, for geometries 
where the induced distributions are reasonably well known so that confidence in the 
results can be maintained, the fields can be directly evaluated. Fig. 1 attempts to 
capture the essence of the above discussion. 


Integral Representations for Far Fields 


The evaluation of fields can progress directly once the current distribution over 
the radiating structure is known. Using (7) through (10) in Chart 1, it is rather 
straightforward though sometimes demanding to perform this computation. The 
integral representations are a complete and precise description of the field based on 
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Fig. 1. A flow graph for the evaluation of radiated fields. 
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the source distributions. In keeping with the discussion of Chapter 1, Section 6, it is 
often convenient to compute only the portion of the complete field which domi- 
nates over a particular region of space. In the following we focus our attention on 
the far field since the development of expressions for the near-zone fields is most 
conveniently pursued for specific structures. 

The fields at large distances from source distributions can be written in simpli- 
fied forms by investigation of the vector potential in (9) and (10). In the far zone 
|r| 2» |r’| and |kr| >> 1, so that 


г— r|2—r-rr'/r-r — tr’ and 
Рини Ри "РЈУ 
ф(г,г’) = ЇЕ-Ү =] uA ест (13) 
Рики Рила 


ег" 


У’ф =У = 7 fjk 


Hence the far-zone representations of the equations in Chart 1 can be written by 
using (13) and letting the V operator be expressed as У — —/КЁ. The equations for 
the far-zone fields (14 through 21) are presented in Chart 2. Note that the 
equations are related through the far-zone plane-wave relation 


не) = тех Ble), Zo = Vale (22) 


and furthermore that the far-zone fields satisfy the conditions imposed in Chapter 
1, Section 6, namely, that E x H* be real and that the fields decay as r^ !. 


Duality 


The similarity in the form of Maxwell’s equations for E(r) and H(r) allows 
them to be referred to as dual equations. Two examples of this duality are captured 
in Chart 3, where the indicated changes will lead to a set of Maxwell’s equations 
for the dual case which are identical with those for the original [1]. Thus, given the 
fields that satisfy Maxwell’s equations with the sources [J(r), K(r)] and constitutive 
parameters (є,и), the solution for the fields satisfying Maxwells equations 
with the sources [K'(r) = J(r), J'(r) = —K'(r)] and constitutive parameters 
(є = u, и’ = €) will be given by [E'(r) = —H(r), H'(r) = E(r)]. Note that in 
this case we have dealt with dual problems having “dual” conditions achieved by 
interchanging и and e. Also shown in Chart 3 is a case where the medium remains 
unchanged. Thus the solution to a problem in the dual space can be related to a 
solution of a problem in the original space with the same constitutive parameters by 
the definitions in example 2 of Chart 3. The usefulness of the “duality” approach 
will be illustrated later for the small loop antenna. 

It should be noted that the described duality relationships, while being the 
most widely used, are not exhaustive. 
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Chart 3. Examples of Duality Relationships 
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Radiated Power 


The time-average power exiting a region of space or equivalently crossing the 
bounding surface can be found by integrating the complex Poynting vector (power 
flux density) over the surface. Thus 


Р = SEI x н (23) 


where ds has a unit normal іп the outward direction and Re denotes the real part. 
In a similar manner the time-average power supplied by sources is given by 


Pyources = 21 (E-J* + H*-K) av} (24) 
V 


The power P, radiated by an antenna is defined with (23) evaluated using the far- 
zone fields. Similarly, it can be evaluated using (23) and then taking its limiting 
value as the observation point r approaches infinity. 

The time-average power balance for an antenna is given by 


P, + Piosses = Pources (25) 


Thus the power supplied by sources is either radiated or dissipated through loss 
mechanisms in the antenna or the medium. 

For a lossless antenna composed of perfect conductors, the losses vanish so 
that the input power is equal to the radiated power. Over a small antenna source 
region, which we can treat in an analogous network manner, 


ве] | ЖИ = Re(VI*) (26) 


source 
region 
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Thus the antenna time-average input power can lead to the evaluation of antenna 
radiation resistance К,: | 


Re(VI*) = g И.Р (27а) 
апа 


К, = 


| panel фе х uds) QT) 


where Ду is the current at input terminals. 
Directive Gain, Directivity, Efficiency, and Gain 


A number of useful quantities are defined for the characterization of antennas. 
These are dealt with in Chapter 1 and in several texts [3, 8, 9, 10, 11, 12, 13]. 

The directive gain of an antenna Gp(0, p) is defined as the ratio of real power 
flux density in the far zone in a given direction (0, p) to its average value over the 
entire radiation sphere. Thus 


Re((E x H*)-£) _ Ве((Е x НЭЭ) 


Gp(0,9) = P,Anr? 


Q8) 


lim (алт) ф Е x H*)-ds 
The quantity P,/Anr? is equivalent to the power density of an isotropic antenna 
radiating the power P,. The directivity D of an antenna is defined as the maximum 
value of the directive gain or simply 


D = тах(Ср(8,9)) (29) 


For lossy antennas, i.e., antennas for which the total input power at the 
antenna terminals is not radiated, additional quantities of interest are defined, 
namely, radiation efficiency 7 and gain G(0, p). The ratio of power P, radiated to 
total input power Pj, is the radiation efficiency n. Thus ņ can be related to the 
radiation resistance through the radiated power and, through the total input power 
Pin, to the total input resistance composed of the radiation resistance and re- 
sistances accounting for the other losses Ry, [9]. Thus 


_Р.__К, _ 
Пер, В, + Rp (30) 


The gain of an antenna С(0, ф) is defined in a manner similar to directive gain 
but with the inclusion of losses. It is the ratio of the real power flux density in the far 
zone in a given direction to the power flux density which would be obtained if the 
input power were radiated isotropically. Thus 
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Re((E x H*)-£) 


G(9.g) = o = 150,9) (31) 


The descriptions above can be related to the concepts in Fig. 14 in Chapter 1 by 
the substitution of P;, for P, and Р, for Рз. The consequences of input impedance 
mismatch to a feed line have not been included but can be readily taken into 
account as in Chapter 1 and Fig. 14 of Chapter 1. 


2. Characteristics of Some Classical Antennas 


In the following we will tabulate the characteristics of several simple antennas 
which are computed using the equations established in the preceding section. The 
examples illustrate how, with a certain amount of approximation (e.g., an assumed 
current distribution), one can obtain realistic estimates of antenna characteristics. 
In subsequent sections we will deal with more complicated structures and more 
precise techniques. 


The Electric Dipole Antenna 


The linear dipole antenna has received treatment in a very large number of 
works on antennas. Here we will consider the dipole antenna in a progression of 
models, from the very short to the capacitively loaded and then to the somewhat 
longer dipole, for each of which we can estimate a realistic current distribution. 


The Point Source— The electric point-current source (sometimes called a Hertzian 
source), while possessing little realism, permits an individual to conceptualize the 
radiation due to electric currents. In a coordinate system as shown in Chart 4 the 
point source is defined as 


J(r) = 2ó(r) (32) 


where ó(r) is the Dirac delta function. The utility of this current source is that all 
other sources can be constructed as a superposition of these infinitesimal elements. 
Using (7), (8), (9), (16), (17), and (23) we can construct the relevant characteristics 
for the electric point-current source given in Chart 4. From the expressions for E(r) 
and H(r) one can identify [3] the far-zone terms behaving as 1/r and the near-zone 
terms composed of the “static” portion behaving as 1/77, similar to that of a static 
dipole distribution, and the “induction” field behaving as 1/7. 


The Short Dipole Antenna— The short electric dipole antenna [3,8, 11, 13, 14, 15] 
is of interest since it represents the behavior of dipole antennas at low frequencies 
where L/A << 1. Two electric current distributions are of interest for the short 
electric dipole driven at its center. These distributions and the relevant antenna 
characteristics are presented in Chart 5. The first case, possessing a current 
distribution similar to the unit current element, i.e., a constant current over its 
length, can be constructed in reality by capacitively loading a short dipole with end 
caps. The second is the triangular distribution with maximum current at its center 
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Chart 4. Characteristics for the Electric Point-Current Source 
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and zero current at its ends. This current realistically approximates the current on 
a very short center-driven dipole. 


The Sinusoidal Current Distribution 


Current distribution measurements have indicated that for thin cylindrical | 
antennas of diameter less than approximately 4/100, the current distribution can be 
well approximated by a sinusoid [3,9, 10, 11, 12, 14, 15]. Theoretical analyses have 
supported these observations. Thus the sinusoidal current distribution whose | 
characteristics are presented in Chart 6 occupies an important place in antenna 
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analysis. In Chart 6, results are presented for an arbitrary-length dipole and fora 
half-wavelength dipole (L — 4/2). 


The Traveling-Wave Antenna 


The traveling-wave antenna [8, 10, 13, 15, 16] is defined as an antenna whose 
conductors support a current distribution described by a simple traveling wave. In 
comparison to the dipole antenna, which supports two counter-directed traveling 
waves giving rise to the sinusoidal (standing-wave) distribution, the traveling-wave 
antenna supports a single wave. A simple example of a traveling-wave antenna and 
its attendant characteristics are presented in Chart 7. For this antenna the current 
distribution is given by 


Iz) = e, 05251 


where 1, is its amplitude and k the free-space wave number. 

The important feature of the traveling-wave antenna is that the maximum 
radiation is neither end-fire (0 = 0) nor broadside (0 = 2/2). Rather it occurs at ап 
intermediate angle and creates a single major conical lobe independent of antenna 
length and tilted in the direction of wave travel with minor lobes determined by 
length. An approximation for the angle of the main lobe from the end-fire direction 
113, 16] is given Бу Om = cos! [1 — 0.371/(L/4)]. 


The Small Loop Antenna 


The small loop antenna (8, 9, 10, 11, 13, 14, 15] of radius a, carrying a uniform 
current /, can be analyzed using the techniques presented previously. The 
characteristics for the small loop are presented in Chart 8. 

The striking similarity between the expressions in Chart 8 for the small loop 
and those for the short dipole in Chart 4 is immediately evident. Clearly, the 
electric current / on a dipole of length L generates fields which are obviously 
related to those of a loop of radius a carrying an electric current /. Since the fields 
radiated by such a loop are identical with those radiated by a magnetic dipole [1] if 


mL = joyul(za?) 


where т is the magnetic current, we can obtain the fields due to a small current 
loop from those of a short electric dipole using duality. The procedure is as follows: 


(a) The original problem is a linear electric current / of length L in a medium 
with constitutive parameters є and и. Obtain the solution to this problem. 

(b) By the duality of Chart 3, construct the solution of the problem of a linear 
magnetic current т and length L in a medium with constitutive param- 
eters є and и. This is obtained from the solution in (a) above by setting 
1, = Velum = jkl(za))L, Е (г) = VuleHo(r), and H,(r) = —Уеи Е (г). 
Note that the magnetic current is spatially orthogonal to the plane of the 
loop. 

(c) Replace mL by још(ла“) to provide the solution for the small loop 
radiating element. 
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Chart 6. Characteristics for a Dipole with Sinusoidal Current Distribution 


losin k(L/2 — |z|), -L/2 £z S L/2 
Arbitrary-Length Dipole 


1 е № cos [(kL/2) cos Ө] — cos (kL/2) 
? 27r ksin^0 


ге №" cos [(kL/2) cos 0] — cos (kL/2) 
Ег) 8) Е лт У ле sin Ө 


Ar) 


‚. € № cos [(kL/2) cos 0] — cos (kL/2 
Hr) фи £7 ALEL) eoe] — соз (ы) 


P,[11, 12] ИЕ. 12 x [sin kL [Si(kE) — '^Si(2kL)] 
+ (1 + coskL)[In (kLy) — Ci (kL)] 
- SSE n QkLy) ~ Ci ом) 
where 


Si(x) = | Sa. ce = -[ ESX dx, пу = 0.5772 
0 


Half-Wavelength Dipole (L — 4/2) 


| e`} cos [(z/2) cos Ө] 
? 2лғ k sin^0 


ја, € I" cos[(z/2) cos 6] 
8j e o лғ sin 0 
г à [In (2лу) — Сї(2л)] = 0.194 ТЕ? 


- Сї(2л)] = 0.194Vu/e (К, = 73 Q in free space) 
4 сов [(л/2) совд] — — TT cos? [(л/2) cos 0] 
sin^O[In(2zy) – Ci(2x)]  ' ѕіп20 


4 
In (2лу) — Сі(2л) 


Gp(0, 9) 


р = 1.644 
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Chart 7. Characteristics for the Traveling-Wave Antenna 


dic 05221, 


А. EE кан сово) Sin [(KL/2)(1 — cos Ө)] 
бе ка та –созд) РА 7224 
9 jou (IoL)sin0", —e (ГР) — cos6) 


ix МИ _, -coso Sin [(KL/2)(1 — cos 8)] 
е)" -jL2y0 cose) Sin [(KL/2)(1 — cos 0)] 
куна S e (ГР — cos0) 


Ei {in (2лу) – 1 + In(2L/A) — Ci(2kL) + заоч) 
ИЕ = {in (2лу) – 1 + InQL/A) — Ci(2kL) + sin Ot) ) 


The Perfect Ground Plane 


The perfect ground plane, i.e., the planar, perfectly conducting surface with 
conductivity о — ©, is often found in the environment of antenna structures. Since 
the previous characterizations have been for antennas in homogeneous media with 
real e and и, the introduction of conducting bodies such as infinite planes will 
require a modification. 

The boundary conditions at any perfectly conducting surface require that the 
tangential electric field satisfy, with й(т) the outward normal to the surface and г on 
the surface, 


й(г) x Е(г) = 0 (33) 
and that the magnetic field satisfy 
f(r)-H(r) = 0 (34) 


The exclusion of fields from the interior of the surface leads to the generation of 
surface charge and current densities given by 


A(r)-E(r) = оте 
(35) 


й(г) x H(r) = Jr) 
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Chart 8. Characteristics of the Small Loop Antenna 


^ 83 ей! . q 
Q Ina sing^ — (к t7 ) 


—ф jou (Ina?) sin Ө e (ж + +) 
Алт г 


Р (ла?) cos 0 — 


Aw rir 


r 


етік ( jk 1 


: се, jk » 
-ô (Izd?) sino 5 — (k Ricci 


УЙ үзе: та pe” 
ФУ k*(Ina*) sin Ө dur 
412 AX e № 
Ө k^(1za )sin8 = 

/u 412ла! 

€ 5 6 
ЗИ) 
ЗУЕ\ А 


Gp(0, ф) 1.5 20 
р 1.5 


An arbitrarily oriented antenna located above a perfectly conducting ground 
plane must generate a vanishing electric field at the surface in order to satisfy the 
boundary condition on the electric field. Such a condition can be satisfied by 
creating an equivalent problem where the ground plane is removed and an image 
source is introduced to produce, when combined with the original source, a 
vanishing tangential electric field at the location of the plane. The appropriate 
images for electric and magnetic currents are shown in Fig. 2. A close inspection 
will show that the tangential electric and normal magnetic fields vanish at the plane 
surface and that the fields are identical in the upper half-space. 
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С = со 


1 IMAGE K 
SOURGE 
b 


Fig. 2. Equivalent source distributions for sources above perfectly conducting ground 
planes. (a) Original problem. (b) Equivalent problem. 


The theory of images can be applied to configurations other than infinite 
planes. In fact, a source in the presence of any surface composed of intersecting 
planes can be represented in terms of the source and multiple images [1,8]. This 
concept applies to both exterior and interior (e.g., waveguide) problems. 

An example of the use of images is provided by the monopole antenna driven 
against a perfectly conducting ground plane. The fields radiated by the monopole 
into the upper half-space are identical with those of the dipole. The radiated power 
is contained only in the upper half-space and thus is only half of that for the dipole 
antenna. Hence we can immediately infer that the input voltage to the monopole 
need only be one-half that of the dipole to produce the same fields in the upper 
half-space. Thus 


Р, = УЕ ко 1. (lsin (ЙГ) - Y2Si2KL)] 
+ [1 — cos (kL)][In (Ку) — Ci(kL)] — [cos (KL)][In (2kLy) — Ci QkL)]) 


The input resistance is given by R, = Р, and for a quarter-wavelength 
monopole 


К, = Их (InQay) — Сї(2л)} = 36.5 Q 
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The Rectangular-Aperture Antenna 


The rectangular-aperture antenna [1, 3, 8, 9, 10, 11, 13, 15], shown in Fig. 3, has 
many features in common with the electric dipole. In the following we will illus- 
trate the use of equivalence and images to provide a convenient mechanism for 
evaluating its fields. In each case the electric-field distribution in the aperture will 
be assumed to be known. Then the fields produced by the aperture can be obtained 
using equivalence, images, and the field representations presented earlier. 

For an assumed field distribution in the aperture in a perfectly conducting 
plane, the pictorial representation of Fig. 4a is appropriate. Using equivalence, the 
' situation in Fig. 4b applies and the fields in the half-space z > 0 are identical 
with those in the original problem but zero for 2 < 0. In this figure J, = z х Н and 
K, = —2 x E. As a result of the vanishing fields for z < 0, the perfectly conducting 
plane is completed through the aperture as shown in Fig. 4c. Using images, the 
plane can be removed and the situation in Fig. 4d holds. Note that the fields are the 
correct fields for the half-space 2 > 0 and not for z « 0. 

The fields radiated by the aperture distribution can be evaluated using 
equations in Charts 1 and 2 with only a magnetic current source or an equivalent 
electric vector potential. In the following we tabulate the expressions necessary to 
construct the radiation fields and certain characteristics for some commonly 
encountered aperture distributions defined in general as 


Е“(х,у,2) = ЈЕ (х,у)д(2)  —1,2 < x < 1,12, -LJ2«y < 1/2 (36) 


> 


Fig. 3. The rectangular aperture or slot antenna in a perfectly conducting plane. 
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Fig. 4. Equivalent source distributions and their environments for fields in the right half- 
space. (a) Aperture field distribution in a perfectly conducting plane. (5) Using equivalence 
with (a). (c) Perfectly conducting plane is completed through aperture. (d) Using images 
to (c). 


In the far zone the electric vector potential is given by 


1 e № e | L2 А : 12 шүлс: 
Е-34-- | dz' sc] dy! ећ У snoring | ах! E%(x', у’) elkx sin Өсозф 
2a r Jo -L,/⁄2 -L,/2 
| (37) 
and the radiated fields by 
E,(r) = jké x Е = jk|F|&(0, p) (38) 
H,(r) = Velut x E,(r) = jwe|F|h(9, p) (39) 


where 


é(0,9) = фсоѕӨсоѕф + Ósing 
h(0,9) = ё x 6(0,ф) = @sing — дсоѕӨсоѕф 


Since the far-zone fields are simply related to the far-zone electric vector potential, 
only the electric vector potential will be presented in the following charts. 

In Chart 9 the far-zone electric vector potential is presented for various lengths 
and widths of rectangular apertures with uniform excitation. Also presented are 
some radiation characteristics for the short, thin-slot antenna excited by a uniform 
transverse electric field. The results presented for the short, thin slot are consistent 
with the relationship between the impedances of complementary structures [13], 
i.e., 
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Chart 9. Far-Zone Characteristics for Apertures with Uniform Aperture 
Distribution 


Uniform Aperture Distribution 
E"(x, y, z) = $ Eoô(2), -L,2«x«L,2, -LyJ2«y«Lj,2 
Aribtrary Length: L,, L, 


e-i sin [(kL,/2) sin Ө cos ф] sin [(kL,/2) sin Ө sin g] 
2nr EoL,Ly C EET are Pee 


(KL,/2) sin 0 cos p (kKL,/2) sin Ө sin Ф 


F(r) = x 


Thin Slot: kLy << 1, L, Arbitrary 
EoLy > и 


е № sin [(kL,/2) sin Ө cos Ф] 


F(r) = $ : 
(oo 15 s Е 


Short, Thin Slot: kL, << 1, kL, « 1 


EoLy -» № 


e №! 


F(r) = å Элс 


VL, 
: e )* й 
Е(г) = ЈУ 5 ё(0, Ф) 
| Ри E 
H(r) = joeVoL. = h(0, Ф) 
pou 2251 
PES 3 u 0 À 
m ET 
r^ 0 r^ 3 и А 


Gp(0,9) = ja — cos? gsin^0), 


ZsZp = + (£) (40 


where 


Zs 
Zp 


the slot impedance (Chari 9) 
the dipole impedance (Chart 5) 


The far-zone representations for the electric vector potentials for triangular an: 
sinusoidal aperture distributions are presented in Chart 10. 
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Chart 10. Far-Zone Vector Potentials for Triangular and Sinusoidal Aperture 
Distributions 


Triangular Aperture Distribution 
E"(x, y, z) = $ EY(1 — 2lx|/L,) ó(z), -L,2«x«L,2, -1,2«у«1,2 


e № sin [(KL,/2) sin 8sin g] sin? [(kL,/2) sin Ө cos g] | 
Eolis, Te 


Алт (KL,/2)sin@sing | [(kL,/4)sin0cosg]? 


Е(г) = x 


E,(r) = ЈЕ |Е|е(0,ф), ^ НАг) = joc|F|h(0, p) 
Sinusoidal Aperture Distribution 
Е“(х,у, 2) = у Eosin [К(1.,/2 – |), | — 1,2 < х< 1,2, -1,2«х«1,/2 


-ikr in [(kL,/2) sin Ө sin ф] cos [(kL,/2) sin 0 sin g] — cos (kL,/2 
F(r) " = EL,L sin [( ) їп sin Ф] cos [(KL,/2) sin 9 sin g] — cos (KL, /2) 


r У (kL,/2)sin Osing (kL,/2)(1 — ѕіп20ѕіп2ф) 
Ег) = jk|F|&0,g), НА) = jwe|F|h(6, p) 


The Biconical Antenna | 


The solution for antenna characteristics is simplified when the antenna surface 
coincides with coordinate surfaces. While there are only a few such coordinate 
systems and furthermore only one of finite dimensionality, the spheroidal, the 
method of separation of variables has been used to study some specific antennas. 
By the “perturbation” of the separable geometries, such as the spheroidal and 
conical shapes, other shapes such as the cylindrical antenna have been investigated. 
The infinite biconical antenna shown in Fig. 5 has been studied extensively 
[4, 5, 8, 9, 11, 13, 14, 15, 17]. Such a structure coincides with spherical coordinate 
surfaces and serves as a guide for spherical waves. By solving the wave equation in 
the spherical coordinate system, the components of the assumed TEM wave are | 


1 ae | 
Hy = галд Hoe 4 (41) 
Ee = Vule Но (42) 


The voltage and current for the biconical transmission line are 


л-0, : 
V(r) = | Eor 40 = 2Vule Hye" In [cot (0,12) ] (43) 
0 


e 


2л 
I(r) = | Ногзт Ө dp = 2nHye " (44) | 
0 


The characteristic impedance of the biconical transmission line is then 
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Fig. 5. The biconical antenna. 


Zo = 10 - үнс, In [cot (0,/2)] (45) 
The radiated power is 
‚ = 4zyule Ну In [cot (6,/2)] (46) 
and the directive gain is 
1 


Ub — noin [cot (0./2)] (37) 


Note that because of the TEM fields and the structure's infinite length there is no 
frequency dependence exhibited in the preceding quantities. 

A realistic biconical antenna is not infinite in length as required by the model 
created above. For the practical antenna of finite length (r — L), the space is divided 
into two regions. One is the modal or TEM region containing the bounded wave 
descriptions (г « L), and the other is the radiation region (r > L). In the modal 
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region outgoing and reflected TEM and higher-order modes can exist, while in the 
radiation region only the outgoing higher-order modes exist. 

Using the transmission line analogy, Schelkunoff [4] has computed an input 
impedance 


ZL + jZotan (kL) 


Zin = Zo Zo t 1747 tan (kL) 


(48) 


where Z, is a load impedance at the end of the biconical line representing the 
transition region of the antenna defined as 


ZL = ZZ; (49) 


where Z,, = R,, + jX,,. Then, for the thin cone, with Ci(x) and Si(x) defined in 
Chart 6, | 


Rm = 60Ci(2kL) + 30[0.577 + In(kL) — 2Ci(kL) + Ci(4kL)]cos (2kL) 


+ 30[Si(4kL) — 2510201) ѕіп (2kL) 
(50) 
Xm = 60Si(2kL) + 30[Ci(4kL) — In(kL) — 0.577]sin (2kL) 
— 305: (4kL) cos (2kL) 


A detailed analysis of the radiation properties of conical structures has been 
pursued and presented in many works [4,5, 11, 17, 18, 19, 20]. A formal solution is 
presented in Electromagnetic radiation from conical structures" by J. R. Wait in 
[11] and by Schelkunoff and Friis in [5], where expansions for the fields in the two 
regions are obtained and a formalism for determining the unknown coefficients is 
established. The limiting cases of a spherical antenna (0. — 2/2) and the thin-wire 
antenna (6; — 0) are considered as well. 

Other antennas which have received theoretical attention because of their 
coincidence with coordinate surfaces are the spherical [8,16] and spheroidal 
[2, 4, 8, 15] antennas. 


An Antenna Reference Chart 


A number of works have characterized many antenna systems. The work 
represented in Jasik [10], Antenna Engineering Handbook, is monumental and 
extremely useful. Here we will augment the approximate analysis methods useful 
for simple antennas presented earlier with an antenna reference chart useful for 
qualitative and approximate quantitative analysis [21]. 

The antenna reference chart is duplicated with minor corrections in Fig. 6. The 
chart includes the antenna name, some physical characteristics such as size, a 
diagram with coordinate system, its resistance at the lowest resonance frequency, 
the half-power bandwidth in percent, the antenna gain in decibels relative to a half- 
wavelength dipole and isotropic source, the polarization characteristic of the 
antenna, and the principal-plane radiation patterns characterizing the antenna. In 


~ 
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the text, mention is made of another valuable reference on antenna characteristics 
which has, as well, a handy section of tabulated antenna characteristics [22]. 


Imperfect Grounds 


The introduction of a ground plane, such as the earth, with realistic electrical 
parameters in the vicinity of an antenna can modify the antenna characteristics. 
The current distribution is affected through near-field interactions between the 
antenna and ground, and the radiated field is modified by the altered antenna 
currents and the ground reflection of the radiation field. The former effect, where 
near-field interactions perturb the current distribution, is considered in a following 
section. The latter effect can be included in the solution process by using plane- 
wave reflection techniques where the radiated fields are constructed from a direct 
and a ground-reflected wave [9, 13,23]. 

The use of image and reflection coefficients is rather straightforward, being 
only somewhat more involved than that for the perfect ground plane as exhibited 
previously. The approach uses the image as induced in a perfect ground plane but 
with a modified strength which is proportional to the appropriate Fresnel plane- 
wave reflection coefficient. The relevant geometry for an electric current source 
and ground with parameters є, мо, and о is shown in Fig. 7. 

The reflection of the incident E and H fields at the interface will depend on the 
polarization of the field with respect to the plane of incidence (the plane containing 
the surface normal and the propagation vector for the wave). Thus the Fresnel 
reflection coefficients, which are strictly true for an infinite plane-wave field, will 
exhibit this dependency on polarization. 

The two cases of interest are illustrated in Fig. 8, where the wave with E(r) in 
the plane of incidence is termed vertically polarized and E(r) normal to the plane of 
incidence as horizontally polarized. 

The Fresnel reflection coefficients for the vertically and horizontally polarized 
waves are 


d є'соѕ0 — Ve’ — $120 


R, = — OS 51 
е' созв + Ve’ — $1120 eU 
and 
гр cos 0 — Ve’ — sin? (52) 
^" cos0 + Ve' — ѕіп20 
where 
cos@ = —Ё-2 = Ке 
с ee e 
€o 2777 


The determination of the radiated field E(0, 9) for an arbitrarily oriented 
antenna over a finitely conducting ground can be readily computed. First, the 
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Fig. 6. An antenna chart. (After Salati [21]) 
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Fig. 6, continued. 
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Fig. 6, continued. 
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Fig. 6, continued. 
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Fig. 7. Images for imperfect ground analysis. 
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Fig. 8. Plane-wave reflection at an interface. 
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radiated field E,(0, ф) due to the given antenna is computed for the case when it is 
located in an infinite homogeneous medium at its original location. Then the 
reflected field Ек(0, 9) is calculated from 


E«(0, 9) = К.Е, Ф) + (К, — R,)[EKCO. ф)-ф] (54) 


where E,(0, 9) is the field due to the image of the original source in a perfect 
ground plane and f is the unit vector normal to the plane of incidence (р = 2 х X). 
Finally, the total field E(0, ф) is the sum of the two contributions: 


Е(0, 9) = E60, 9) + Er(9, 9) (55) 


Chart 11 illustrates the steps and the results of a procedure for evaluating the 
fields of a vertical and horizontal short dipole carrying a constant current lo. The 
procedure for analyzing an arbitrary antenna, though more involved, can proceed 
in a similar manner. 

The Fresnel reflection coefficients are strictly valid only for plane waves and 
are therefore not rigorously valid for antennas near ground planes [13, 23, 24, 25]. 


Arrays 


The subject of antenna arrays has been extensively documented and will be 
discussed in Chapters 13, 14, and 17. Previous work is described in the writings of 
Bach and Hansen [26], Kraus [14], Jasik [10], Stutzman and Thiele [13], Weeks [9], 
and Ma [27]. Here we will merely show the relationship of some aspects of array 
analysis to previously discussed subjects in this chapter. 

In the following we will present expressions which are useful for expressing the 
fields due to an array of identical antenna elements, each having an identical 
current distribution differing by, at most, a complex scaling constant. The similarity 
of current distribution implies identical orientation of the elements. The field due 
to an electric current source J(r) can be evaluated using the equations in Charts 1 
and 2. 

Some elements in an antenna array are shown in Fig. 9. Using element number 
1 as the reference element in an N-element array we establish our coordinate 
system definitions so that a linear shift of the nth element will cause it to be co- 
incident with element 1. In this case such a shift between coincident points is 
r, — ri or r', — r';. The relationship between the element current distributions is 
given by 


J (n) = a4Ji(r'i) (56) 


The magnetic vector potential in the far zone for the nth element is 
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Fig. 9. Antenna array geometry. 


A,(r) = a„e”® 7 "А (г) (58) 


The far-zone magnetic vector potential for the array is then 


A(r) = Ai(r) 2 aereo (59) 


n-l 


where the summation, denoted by f(9, ф), is referred to as the array factor: 
N » 
је, $) m > аде — г) (60) 
п=1 


This factorization separates the element contribution ог element pattern А (г) from 
the array pattern f(0, ф), which depends only on the relative source strengths and 


иаа 
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locations. This factoring is involved in a procedure referred to as pattern 
multiplication. 

The electric and magnetic fields in the far zone can then be calculated using 
(16) and (17) in Chart 2: 


E(r) = jou f(0.9) Ё х Р x A(r) (61) | 
H(r) = —jk f(0, ф) € x A(r) 


Chart 12 presents the radiation fields for N-element arrays of uniform current | 

(Ig) and equally phased dipoles of spacing d. The computations have been 

performed using the preceding equations for two cases, namely, arrays of collinear 

elements and parallel elements. The procedure used in deriving the directive gain 

for short elements (kL < 1) follows that in [26]. Results obtained using the 

expressions for directive gain at broadside (0 = л/2, ф = л/2) in decibels relative 

to a single isotropic source are presented versus element spacing d in Fig. 10 for a 

collinear array and in Fig. 11 for the parallel array. The number of elements N is 

a parameter. | 
Some reference data for practical arrays is also presented in Fig. 12 [21]. | 
In the previous discussion the current distribution on each element was | 

assumed to be known and unperturbed by the presence of the other elements in the 

array. For adequate interelement spacing this is a valid assumption, but for close | 

spacing the interaction of the elements can cause perturbations of the elemental 

current distributions and, of course, the input impedance for the elements. The 

rigorous treatment of these effects requires a consistent treatment of the boundary- 

value problems, as discussed later in this chapter. 


3. Integral Equations in Antenna Analysis 


In previous discussions the current distributions on radiating elements were 
assumed to be known. This, however, is generally not the case since the precise 
description of the current distribution on a metallic structure such as an antenna in | 
the presence of an exciting source, such as a voltage generator at its terminals, 
involves the solution of a complicated boundary-value problem. In the following we | 
will describe the integral equations which can be solved for the unknown source 
distributions induced by specified excitations, and in Part 2 we will consider the 
numerical solution of these equations and some associated issues. 


Perfectly Conducting Wires and Bodies 


Here we will focus our attention on radiating structures composed of perfect 
electric conductors over which the boundary conditions given by (33), (34), and 
(35) must hold. Furthermore, we will devote our attention mainly to wire struc- 
tures, with conducting bodies touched on briefly. | 
In order to facilitate ensuing discussions concerning integral equations, | 
questions concerning validity of each specific equation, the existence or uniqueness 
of solutions, and various features of the limiting process which reduce the integral | 
representations for radiated fields to integral equations for unknown source dis- 
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Fig. 10. Gain of a collinear array of short dipoles relative to isotropic source. 


tributions are necessarily glossed over. For further information the reader is 
referred to Stratton [2], Silver [3], and Poggio and Miller [7]. 

The field equations in Chart 1 are a convenient point to begin the construction 
of the integral equations. The electric-field representations will be used since, for 
antennas, the driving source is most easily specified in terms of voltage or electric 
field. Later, the magnetic-field representation will be discussed in relation to large 
conducting surfaces. 

The representations in Chart 1 are for the fields due to volumetric distributions 
of sources. For electric current sources constrained to a surface 5 (which may be 
considered to be the boundary of V in Chart 1) the integral representations are 
simply modified in that the volume densities become surface densities and the 
volume integral becomes a surface integral over 5. The integral representations for 
the electric field due to electric sources over 5 are shown in Chart 13. 

The general boundary-value problem of determining the current distribution 
on a perfect electric conducting surface is approached using an integral equation. 
The boundary condition on $ is stated as 


й(г) x E,(r) = 0, гє 5 (62) 


Techniques for Low-Frequency Problems 3-39 


\ | 


N 
N 
@ 
ИЕ 
ER 
"LT 
et 
22: 
ея 
ХА 
y 
mE 


GAIN—DECIBELS RELATIVE TO ISOTROPIC SOURCE 
© 


WCE CEE 
А УДА 
ЛУТ ГЕ 
УТТЕ 
ИЙ ШШЕ ЧЕ Їй ЖЕ Ий DEL. 
Ими 


0.8 1.0 1. 
Fig. 11. Gain of equiphased short-dipole array relative to isotropic source. 


ELEMENT SPACING (d/\)—WAVELENGTHS 


with f(r) the outwardly pointing normal to 5 and E,(r), the total electric field at the 
surface. The total field is composed of an incident or driven portion E'(r) and a 
portion generated by the induced surface sources Ј,(г') and p,(r') referred to as 
E(r). The boundary condition then requires 


й(т) x E(r) = —й(г) х E(r), res (63) 


The field component Е(г) is given by the integral representations in Chart 5 but 
with the observation point r on the surface. The procedure of taking the 
observation point to the surface must be performed delicately due to the singularity 
in g(r, г”) when |r — r'| — 0. These issues are dealt with in Stratton [2], Silver 
[3], Poggio and Miller [7], and Maue [28]. The integral equations most widely used 
and derived from the electric-field integral representations are presented in Chart 
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Fig. 12, continued. 
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Chart 13. Electric-Field Integral Representations for Electric Sources 
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14. The integrals should be interpreted in а principal value sense [7], i.e., the range 
of integration excludes an infinitesimal region around г = г'. 


Thin-Wire Integral Equations 


For conducting bodies composed of thin wires, i.e., structures composed of 
interconnected conducting cylinders whose radii a; are small in terms of wave- 
lengths (а/1 < 1), several approximations regarding the behavior of current and 
charge densities can be made. It can be assumed that: 


l. Azimuthal or circumferential currents produce negligible effects when deter- 
mining the net axially directed current on the wires. 

2. The induced electric sources on the surface of the wires can be located on the 
axis of the wires, thus giving rise to a filamentary source representation. 

3. The boundary condition on the electric field can be enforced on the surface of 
the conductor. 


Using $(r) and $'(r) to denote unit vectors tangent to the conductor and parallel 


to its axis at the observation point and source point, respectively, the boundary 
condition and current density are 


Chart 14. Electric-Field Integral Equations for Electric Sources on a Surface 
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$r)E(r-0, res (64) 
J(r') = 8 (г')Дг')/2ла (65) 


Because of the assumptions of the locations of the source and observation 
points, the distance variable |r — r'| in ф(г,г’) is approximated by a distance 
R, which can never be zero since it is the distance from a point on the axis of the 
wire to a point on the surface and is thus never less than a. For example, for a z- 
aligned straight wire, R = [(z — 2’)? + a?]'7. Such an approximation leads to the 
widely used thin wire or reduced kernel. 

With s and s' denoting the axial coordinates at the observation and source 
points and C(r) denoting the range of integration over the wires, the integral 
equations in Chart 14 can be written in their thin-wire forms as shown in Chart 15. 
Some of the integral equations have been widely used for thin wires. The 
*mixed-potential integral equation" has been used in the analysis of many 
structures [29]. Another equation which has found wide usage was derived from the 
first of the equations in Charts 14 and 15 by solving the differential equation for a 


Chart 15. Thin-Wire Integral Equations 
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straight wire by Hallen [30] and generalized to curved wires by Mei [31]. Also, 
“Pocklington’s integral equation” has found widespread usage [7, 13,23]. 


Integral Equations for Solid Bodies 


The integral equations in Chart 14 in terms of electric field have been reduced 
to forms appropriate for thin-wire analysis as shown in Chart 15. Of course, the 
equations in Chart 14 can be used for the analysis of the radiating characteristics 
of nonwire bodies. To this end the magnetic-field integral equatiqn has been 
developed and discussed in detail [7, 28] and, with the various forms of the electric- 
field integral equation, leads to useful representations for describing the interaction 
of electromagnetic waves with conducting bodies. . 

The two integral equations for use with perfect electric conductors are given by 


й(г) x E'(r) = 22 х | Дже.) + Tyg] dr (66) 
and 
J,(r) = 2á(r) x H'(r) + 5-а х | J) x Ура?" (67) 


where f represents the principal value integral. These equations are referred to as 
the electric-field integral equation and magnetic-field integral equation, respectively. 

In a shorthand mathematical notation the electric-field integral equation is 
written as 


1 
Anjwe 


ах E(r) = —û х | MIC (68) 


and the magnetic-field integral equation as 
(т) = 24 x H'(r) + зүй х Јано Fe ren (69) 
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and where G(r, г”) and l'(r, r') are referred to as Green's dyads for electric and 
magnetic fields due to electric current sources. 

The electric-field integral equation, as seen previously, is widely used for wire 
antenna analysis in part because of the driving-source definition in terms of electric 
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field. On the other hand, the magnetic-field integral equation has been used 
extensively for the analysis of nonwirelike structures such as closed surfaces. In part 
this is promoted by the fact that it is a Fredholm integral equation of the second 
kind with the unknown outside and within the integral. For flat surfaces of infinite 
extent it has a trivial solution: 


Ј(г) = 2à x H'(r) 


so that one can infer that the integral is a correction term accounting for body size 
limitations or curvature. Examples of the application of the magnetic-field integral 
equation are provided in [7] while the inclusion of this equation in a widely used 
computer program is well documented by Burke and Poggio [23]. The electric-field 
integral equation, a Fredholm integral equation of the first kind, has also been 
applied to arbitrary bodies [45]. 


The Imperfectly Conducting Ground 


The integral equations presented above have dealt with surface integrals over 
the surface of the antenna radiating structure. Of course, the presence of a 
conducting ground plane can, in principle, be treated in a manner similar to any 
conducting body in the system of interest (i.e., by solving for the sources induced 
on that plane). However, a simplification can be introduced into the solution of the 
problem by the use of appropriately modified kernels in the integral equation which 
take into account the effect of the ground plane. For a perfectly conducting ground 
plane the principle of images as illustrated previously for simple antenna models 
can be used to construct a rigorous modified kernel. For a ground plane of arbitrary 
electrical parameters, a rigorous treatment requires a more involved approach, 
although an approximate treatment can be achieved by a modified image theory via 
reflection coefficients (the reflection coefficient approximation). In the following 
we outline the various approaches, progressing from the implementation of image 
theory for a perfect ground to the reflection coefficient approximation and finally to 
the Sommerfeld integral approach. 


Perfect Ground—Implementation of images for perfectly conducting grounds in 
the integral equation approach is straightforward [23]. The Green's function for a 
perfectly conducting ground is the sum of the free-space Green's function of the 
source current element and the negative of the free-space Green's function of the 
image of the source reflected in the ground plane. For the electric field the Green's 
dyad for a perfect ground in the 2 = 0 plane 15 


G,,(r, г) = G(r,r’) + G(r,r’) (70) 
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and I, is a dyad that produces a reflection in the z — 0 plane when used in a dot 


product. For the magnetic field with free-space Green's dyad I(r, r’) given in (69), 
the Green's dyad over a perfect ground is 


Гь = F(r.r) + Ге, г") (71) 
where 
Гиг, г’) = ТТ Ip’) (72) 


The introduction of these dyads into (68) and (69) yields the integral equations 
for perfectly conducting bodies over perfectly conducting ground planes. 


Imperfect Ground: Modified Image Theory or Reflection Coefficient Approximation 
—The Green's dyads for electric and magnetic fields over an imperfectly con- 
ducting ground resulting from the reflection coefficient approximation are, in 
keeping with the development in a previous section [23], 


G,(r,r) = G(r, i) + R,G,(r, x") + (Ка — R)[G;(r. гр (73) 


and 
Га(г,г) = F(r, i) + RE, n) + (В, — К„)[Гу(г,г')-р]р (74) 
where 
ig r—r)xXz 
ô= ( ) 


|(г — г) x 2] 


The reflection coefficient approximation for finitely conducting grounds uses 
image fields modified by Fresnel plane-wave reflection coefficients as described 
earlier for simple antenna models. These reflection coefficients are strictly correct 
only for an infinite plane-wave field but have been used in the integral equation 
approach and have been shown to provide useful results for structures that are not 
too near the ground [23, 24,25]. 

In the integral equation formulation a ground plane changes the solution in 
three ways: (1) by modifying the current distribution through the fields reflected 
from the ground; (2) by changing the field illuminating the structure; and (3) by 
changing the reradiated field. Effects 2 and 3 are easily analyzed by plane-wave 
reflection as a direct ray and a ray reflected from the ground. The reradiated field is 
not a plane wave when it reflects from the ground, but, as can be seen from 
reciprocity, plane-wave reflection gives the correct far-zone field. Analysis of the 
near-field interaction effect is, however, much more difficult in general. In the 
following we consider the rigorous treatment based on the work of Sommerfeld [32] 
and Banos [33]. 
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Imperfect Ground: Rigorous Sommerfeld Treatment— The integral equation for 
an arbitrarily oriented straight wire antenna over an imperfectly conducting ground 
of complex relative dielectric constant єє has been derived іп a rigorous manner in 
Miller et al. (24,25]. For a straight wire of radius a and length L, the integral 
equation for the current excited by a field E^ can be written as 
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In the preceding, а and 8 are the direction angles as shown in Fig. 13 with a 
prime used when referring to source coordinates, s and s' are observation and 
source coordinates of the wire, $* is a unit vector in the direction of the image 
current with s* the corresponding coordinate for the image current. The zeroth 
order Bessel function and its derivative with respect to argument are denoted by Jo 
and J'y. The description of the origin of the terms g,15, Ванг, and g,v; is beyond the 
scope of this chapter but is provided in the literature [24,25]. 
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x 


Fig. 13. Geometry for a current element above an imperfectly conducting ground. 


For a wire antenna of arbitrary geometry and orientation, denote the wire 
contour C (r), and a(r), В(г), and &(r) the direction angles with respect to the x and 
z axes and the tangent vector to the wire, respectively. Further, letting a = a(r), 


а’ = a(r'), ètc., we obtain the rigorous integral equation for the antenna current 
I(s') as a function of position s’ along the wire as 


jou СРК! - (ss 1 - 
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where f c(., ds' implies integration along the wire length over the contour C (r). 
The preceding discussion concerning integral equations for antennas over lossy 

grounds is condensed and necessarily sketchy since the related work has been 

widespread. The indicated references will, however, serve as convenient starting 


points which will ultimately lead the reader to more involved and detailed 
developments. 


Integral Equations in the Time Domain 


In the previous discussions a frequency-domain approach has been 
emphasized. All analyses were performed for time-harmonic fields so that the 
analyses were strictly valid only for the frequency for which they were performed. 
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It is sometimes desirable to consider the performance of systems such as 
antennas under transient conditions, i.e., when excited by either a transient local 
source or when receiving a nonsinusoidal electromagnetic wave. Analyses of the 
transient problem can proceed along two different avenues. The first is by 
performing the time-harmonic analyses over a broad spectrum of frequencies 
so that the spectral characterization can be used to construct the temporal 
characterization as one would when using the Fourier or Laplace transform to 
convert frequency-domain information into the time domain. The other is to 
perform the analyses directly in the time domain. While a detailed discussion of the 
issues associated with a direct solution in the time domain is beyond the scope of 
this text, a brief discussion is appropriate. 

The theoretical development of time-domain integral equations is covered 
in Poggio and Miller [7], Mittra [34], and Sengupta and Tai [34]. Further, the 
application of the integral equation approach to radiation and scattering is 
presented in the first two references above, whereas Sengupta and Tai delve more 
deeply and with broader scope into the transient radiation and reception properties 
of linear antennas. 

The time-domain equivalents to the integral equations presented earlier for 
electromagnetic wave interactions with perfect electric conductors are [7] 


Electric-Field Integral Equation 
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where ге $ and t = t — |r — r'|/c. 

Integral equations based on the magnetic vector potential for curved and 
straight wires are described in [7]. These later equations have not found extensive 
application as have (77) and (78). 

The specialization of the electric-field integral equation to thin wires, which has 
found extensive applications, is detailed in [36] and [37]. In these works the 
thin-wire time-domain integral equation is derived for a geometry as described for 
the frequency domain earlier and is given as 
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with r С(г), R =г-г,, R = |R|, and t = t – Ric. 

As in the frequency domain, the thin-wire approximation is used 50 that the 
distance R is always greater than zero with the integration path C(r) along the wire 
contour displaced from the observation point path by the wire radius. 

The numerical solution of (77), (78), and (79) will be discussed in a later 
section. To date, time-domain analysis for antenna systems has not received the 
attention allocated to frequency-domain analysis. But, increasing attention is being 
given because of the expanding interest in pulsed applications. Fast pulse radar and 
inverse scattering applications have led to interest in and numerical solution of 
(78), whereas pulse signal transmission and reception lead to interest in (79). 


Part 2 
Numerical Issues Involved in Integral Equations for Antenna Analysis 


Now we turn to the numerical treatment of the integral equations that we 
have developed in Part 1. 


1. Introduction 


The advent of the digital computer has opened up new vistas in antenna 
analysis. In this section we present a summary of computational procedures for 
solving antenna problems of a more general nature than can be handled by some 
of the analytically based approaches described in the previous part. 

We must caution the reader that in cataloging the various specific computer 
codes that might be considered, there can exist great differences among them 
with respect to documentation, validation, availability, support, and the like. A 
qualitative assessment of these aspects of such computer tools is given in the 
summary tables included at the end of this section. Before considering such 
specifics, however, we make a brief tour through the analytical and numerical 
issues which precede the actual development and use of a computer model. 


2. Preliminary Discussion 


The process of developing a numerical procedure for solving electromagnetic- 
field problems may be conveniently divided into the steps outlined in Fig. 14 and 
discussed below. Since approximations are an intrinsic part of all the steps, we 
summarize some of those most widely used in Chart 16. 
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1. CONCEPTUALIZATION 
DEVELOPMENT OF HYPOTHESIS 
ON WHICH A MATHEMATICAL 
DESCRIPTION CAN BE BASED 


2. FORMULATION 

MATHEMATICAL MANIPULATION 

INTO A USABLE FORM FOR г 
COMPUTATION 


3. NUMERICAL IMPLEMENTATION 
REDUCTION OF FORMAL SOLUTION 
TO COMPUTER ALGORITHM 


4. COMPUTATION 
APPLICATION OF MODEL TO 
PROBLEMS OF INTEREST 


5. VALIDATION 

TESTING OF THE HYPOTHETICAL 
MODEL AGAINST INDEPENDENT 
RESULTS 


Fig. 14. The basic steps involved in developing a computer model of an electromagnetic 
field. 


Step 1. Conceptualization 


It is at this step where physical principles, experimental observations, and so 
on, are used to form hypotheses from which mathematical descriptions of the 
relevant phenomena can be devised. 


Step 2. Formulation 


This involves the evolution of the physical idea or mathematical description 
from its elementary form into one suitable for numerical or analytical evaluation. 
Various approximations may be utilized to make the subsequent analysis and/or 
computation easier. 


Step 3. Numerical Implementation 


At this stage the formulation is reduced to a form suitable for computation, 
leading to a computer code or algorithm. For the problems considered here, this 
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step almost always involves developing a linear system of equations which are 
solved using matrix techniques. 


Step 4. Computation/Application 


In the computation/application the limitations and “bugs” are uncorked and 
accuracy measures are established. Computation also involves approximation, but 
in a more ambiguous way than the previous steps, because a model is employed by 
the user to represent the reality of interest, and there is rarely a simple or obvious 
way to model most real problems. Furthermore, the numerical model itself may 
not be solved exactly (see Section 4, under “Modeling Errors," below). | 


Step 5. Validation 


This step is probably the most crucial as it establishes the degree to which the 
code can eventually be relied upon. It is an open-ended process since a code is 
usually applied to an expanding variety of problems. Several kinds of validation 
can be used, which include internal checks for self-consistency, and external 
checks, which can include independent analytical and numerical results and 
experimental measurement. 

It can be seen that code developers are most intensively concerned with steps 
1-3, while code users are more involved with steps 4 and 5. 


3. Numerical Implementation 


Maxwell's equations can be written in either integral or differential form and 
either as a function of frequency or time. Each of these can be solved numerically 
using the method of moments (МОМ). This involves approximating the unknowns 
in a set of basis or expansion functions and satisfying the governing equations using 
a set of testing or weight functions. Solution of the problem is thus reduced to 
finding the coefficients of the expansion from a set of linear equations. For various 
reasons as discussed below, integral equations are more widely useful for antenna 
modeling, and after some preliminary discussion subsequent detailed attention will 
be limited to them. 


The General Idea 


A differential equation (or a set, e.g., Maxwell's equations) relates field and 
source quantities in a local, pointwise sense (see Chart 17). Field propagation 
through a medium is represented as a continuum of local interactions which are 
approximated in a discretized sequence (grid) by the numerical model. Boundary 
conditions are enforced by specifying the values of the relevant quantities at the 
appropriate places in the solution continuum in the analytical case or in a solution 
grid in the numerical case. Analytical solutions are obtainable for only a few 
separable geometries. Since numerical values must be found throughout the 
solution volume, the number of unknowns N « A(D/AD)', where D is a 
characteristic dimension of the solution volume, AD is the spatial resolution that is 
sought, d is the spatial dimensionality (1, 2, or 3), and A is a problem-specific 
constant determined by the number of field quantities being found at each grid 
point. 
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Chart 17. Demonstration of the Difference between an Integral and Differential 
Formulation of an Electromagnetic Field in the Frequency Domain 


Infinite Cylinder in z Direction (Normal to Paper) 


(Geometry is two-dimensional for simplicity with TM polarization (E., H,, and H, 
components) 


C(r), boundary between 
electrically dissimilar media. 
y For simplicity the outer 


medium is assumed to be 
| perfectly conducting 
2 х 


Integral Description 


E.(r) | 1.(г’)К (г, r)dr' Field at г determined from 
С(ғ) 


knowledge of equivalent 


1 sources on boundary [at 
Y L(r)K(r, 0) Ar; most (à x E, а x H)], in this 
i=l case /,2 =f x H 


M 


Differential Description 


E.(r) = =d E Hy(r) – = 2101 Е. field at г requires displaced 
w |дх ду Н fields at r + ХДх/2 andr 
| ([Hy(r  &Ax2) — H,(r — &Ax/2) + yAy/2, which requires in 
832201: | иннинэ = нус sae) turn the displaced E fields 


Ф 
- 25 + УДу/2) – H,(r — | 
ду 


An integral equation, on the other hand, relates field and source quantities in a 
global sense (see Chart 17). Field propagation through a medium is described bya 
source-field relationship, which is commonly called a Green's function. Whereas 
analytical solutions can be found for a few separable boundaries (e.g., planes, 
cylinders, spheres, etc.) using special Green's functions, the integral representa- 
tions and equations presented previously use an infinite, homogeneous-medium 
Green's function for the most part (an exception is the interface problem discussed 
previously), whatever the geometry. The evaluation of fields is then achieved by 
integrating the contribution of all sources within the volume of interest (known) 
and the contributions of all equivalent sources over the boundary (see Charts 1, 2, 
and 17). While the latter contributions are difficult to specify due to the unknown 
equivalent sources, the coincidence of this boundary with a surface whose 
boundary conditions are specified permits an integral equation to be written. 
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Obviously, the fields in space are then evaluated simply by summing the con- 
tributions from bounding surfaces. Since numerical values are needed only on 
these surfaces, the number of unknowns N о А(Р/АР)““ !. (This relationship 
applies to objects having extended surfaces. Wire objects represent a special case 
with № с (D/AD), with D the total wire length and AD the desired resolution.) 

An integral equation model for a given problem thus has a factor of approxi- 
mately AD/D fewer unknowns than its differential equation counterpart. This can 
represent a significant difference in computer storage and time requirements, 
especially for wire objects. On the other hand, a differential-equation approach can 
be applied to anisotropic, inhomogeneous, nonlinear, and time-varying media, 
problems for which a Green's function is not easily derivable, if at all. In spite of 
these advantages, differential equation—based models have been less widely used, 
primarily because most problems of practical interest do not involve such media. 
Except for occasional comments the following presentation is therefore limited to 
an integral-equation formulation. A brief summary of differential and integral 
equation characteristics is given in Table 1, where N is the number of unknown field 
values (samples), d — 1, 2, or 3 is the problem dimensionality, D and AD the 
problem spatial size and resolution, and N, the number of steps in a time-domain 
solution. 

It was brought out earlier that various kinds of integral equations can be 
formulated even for the same problem. When the problems vary significantly, 
ranging from perfectly conducting to penetrable dielectric bodies for example, the 
variety can become even greater [7]. The integral equations for all such problems 
share certain characteristics, however. 

First, they involve integrals over prescribed regions of known kernel (or 
Green's functions) functions operating on unknown field quantities. Second, they 
include the known source field outside the integral, and sometimes the unknown as 
well. If the latter is the case, they are called Fredholm integral equations of the 
second kind; otherwise, they are first-kind integral equations. Third, the required 
boundary conditions are satisfied implicitly by virtue of their enforcement during 
the construction of the integral equation. Finally, the unknown often, but not 
always, is subject to differential operators as a result of the kernel function. 


Frequency-Domain Method of Moments 


The method of moments (МОМ) is an intuitively logical approach for solving 
operator equations numerically (see Table 2) [7,38, 39]. Following commonly used 
notation, let a generic form of the integral equation of interest be written as 


L(s,s')f(s') = g(s) (80) 
where 


L — the integral operator (in the frequency domain) 


f = the unknown (response, e.g., a current) at source coordinate s’ 


g = the known (source or forcing function, e.g., a tangential electric field) at 
observation coordinate s 
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Table 1. Comparison of Some of the Characteristics of Differential- and Integral- 


Based Computer Models 
Differential Form Integral Form 
Defining differential Green's function, 


Field propagator 
equation e.g., e/*8/4nR 


Boundary treatment: 
Radiation condition 


Local “lookback” 
(approximate) via 
outward propagating 
Green’s function 

Global “lookback” 

(rigorous) via match to 

model expansion or 

integral equation 


Green’s function 


solution 
Boundary condition Appropriate field values Appropriate field values 
specified on grid specified on object 


contour which can in 
principle be a general 
curvilinear surface, 
although this possibility 
seems to be seldom used 


boundaries to obtain 
staircase or piecewise 
linear approximation to 
boundary 


Medium properties 


that can be handled: 
Linear Yes 
Anisotropic Yes 
Inhomogeneous Feasible at expense of 


increasing dimensionality 

of unknown (e.g., from 

surface to volume) 
Generally inapplicable 
Generally inapplicable 
Generally inapplicable 
(Except linear 
anisotropic) 


Nonlinear 
Time-varying 
Combination of above 


Solution characteristics: 
Number of unknowns 
Linear system 


N œ (DIAD)! 
Sparse, but larger 


N о (р/Ар)! 
Dense, but smaller 


Approximate solution 
time: 

Time domain 
Frequency domain 


ос ММ, х (рАРру“*\ 


œ N?N, ос (DIADy4- 9 
ос № ос (DIAD)! 


< №, 2&p$3 


Note that the equations in Charts 14 and 15 can, with suitable interpretations, be 
written in this form. 
Now expand f using a set of basis functions (/,(5Э), n 2X1, ..., N: 


N 


НУ) = M afi") (81) 


п=! 
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Table2. Basic Steps in Developing a Moment-Method Solution (After Harrington 


[38] and Miller [39]) 
Differential Equation Integral Equation 


Operation 
Subdomain basis functions, | Integral equations can use 
usually of low order, are either entire-domain or 


Sampling of unknowns 
via basis-function 


expansion used for differential subdomain basis 
equations. When the functions. Use of the 
basis functions are former is generally , 
pulses, the differential- confined to bodies of 
equation approach is rotation for sampling 
referred to as a finite- orthogonal to the axis of 


rotation. Subdomain 
sampling usually is of low 
order, with piecewise 
linear or sinusoidal being 
the maximum variation 
employed 

Pointwise matching is 
commonly employed, 
using a delta-function 
weight. For wires, pulse, 


difference procedure. 
When the basis functions 
are linear, the approach 
is referred to as a finite- 
element procedure 


Pointwise matching is 
commonly employed, 
using a delta-function 
weight. Pulse and linear 


Matching of equations 
via integration with 
weight functions 


matching can also be linear, and sinusoidal 
used weight functions are 
frequently used as well 


Numerical 
approximation of 
derivatives and 
integrals. Determined 
in part at least by the 
basis and/or weight 
functions 

Solving for the unknown 
coefficients using 

matrix manipulation 


4 бу э (+ Asi2) | ла X fleas 


-f(si - As;,/2)\/As; 


which may be either a complete domain (each f, is defined over the entire object or 
domain of interest as, for example, in a Fourier series) or subdomain expansion 
(each f,, defined over only a part of the object). From these equations there follows 


N N 
L(s,8') У, ај) = È auLG.s') fus") = 8G) (82) 
п=1 п=1 
On then forming an inner product* of (82) with а set of weight functions 
{Win(s)}, т = 1, ...,M 


there results 


*An inner product of two functions p(r),g(r) over a surface 5 is defined as (p(r).q(r)) = 
Jsp(r)a(r) 477. 
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N 


Ў, an (Wml), LG) fi) = (Wmls),8(8)), т=1,...,М (83) 


п=1 


As for the basis function expansion, each weight function w,, can have either а 
complete domain or subdomain support. Some of the more commonly used 
basis-weight combinations are given in Table 3. The approaches most often used 
for wire problems involve a subdomain procedure of the form of subsectional 
collocation or Galerkin's method. : 

The form of (83) allows the representation | 


М 
> Zinn = bm, т= 1, ...,M (84) 


n-i 
with 
Zmn = (was), 14А8,57)7,87))) and b, = (9,5), 2(5)) 


Note that this equation represents a set of M simultaneous equations in М 
unknowns and can be written in matrix equation form as 


ZA-B (85) 
where 
Z = [Zin], an M х N matrix 


В = [b,,], an M x 1 vector 


А = [a,], an М X 1 vector 


Table 3. Representative Pairs of General Basis and Weight Functions Commonly 
Used in the Moment Method (After Poggio and Miller [7], (C) 1973 Pergamon Press) 


nth Term of mth Term of 
Method Basis Function Weight Function 


Galerkin anfn(x) f(x) 


Least square Onfn(X) Q(x) дс) 


General collocation Ont n(x) (х — Xm) 


Point matching a,Ó(x — Xn) Ó(x — Xm) 


P 
Subsectional collocation* U(x,) 5 app fp (X) Ó(x — Xm) 
р=1 


P P 
Subsectional Galerkin* U(x,) 2 Anpf p(X) U(xm) 2, fap) 
р= р= 


*Неге U(x,) = 1 for x in the subsection (segment) Ax,, and U(x,) = 0 otherwise. 


~ 
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A formal solution of (85) can be written as 


A = YB (86) 
ОГ 
м 
а, = У Y, b, n=l, ...,N (87) 
т=1 . 


where Y = [Yam] = [Zinn] | for M = №. For М > N, а solution can be achieved by 
using the generalized inverse 


А = (277) 'Z!B (88) 


In the above the superscript 7 implies conjugate transpose. 

Since the matrix Z relates a current to its electric field when this representation 
is used with the integral equations in Charts 14 and 15, it is called an impedance 
matrix. Similarly, the matrix Y is known as an admittance matrix and possesses 
some especially useful features. First, it provides a solution for arbitrary excitation. 
Second, it may be stored for subsequent reuse. Third, and most important, Y 
represents a complete electromagnetic characterization of a structure, within the 
limits of the approximations involved in its derivation. In this sense it has some 
characteristics that are similar to a hologram. The general expression for the field 
E, radiated by the object obtained using reciprocity highlights this property: 


N N 
Е, = 2, Е 2, ЫЕ, 
n=} т=1 

with E? = $,-E^(s,) and Е’, = 5, 'Е (5,). Here, E' is the field of the exciting source, 
and E? is the field produced at the object by a point source located at the 
observation point. Clearly, it is possible to construct the spatial field produced 
anywhere in space by the object. 

The computer time Ту involved in obtaining a frequency-domain solution of an 
integral equation at №; frequencies for a general object (nonsymmetric) in free 
space can be approximated as* 


Т; = (Т; + T, N)N?N; (89а) 
while the variable storage for a single frequency is approximately 


where 


*These approximate formulas include only the dominant terms and ignore symmetry effects. 
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27143 for wires of length L/A 
= 
2А(2л/А)? for surfaces of area A/A? 


The T; term accounts for computation of the impedance matrix and the Ту | 
term its solution via factorization or inversion where Ту, and T, are algorithm- and | 
computer-dependent coefficients. It can be deduced that the computer time can 
vary with frequency over the range f? (wire object with impedance matrix | 
computation time dominating) to f° (surface object with matrix solution time 
dominating). The constant 5; in (89b) accounts for geometry and other structure- 
dependent storage. 


Time-Domain Method of Moments 


А time-domain counterpart to the generic frequency-domain integral equation 
(80) can be written as 


[6,5 7) и) = 86.0) (90) | 


with £(s, t) the time- and space-dependent forcing function, f(s’, г) the resulting 
response, and L(s,t; 5'1') the integral operator which can be defined using (77), | 
(78), and (79). It is important to observe that while Ё is apparently a function of 
the space-time coordinates of the observation point (s, f) and source point (s', t"), 
the spatial integration over the source coordinate eliminates both source-point 
variables. The reason is that the spatial integration over s' for a given observation 
point (s, f) in space-time has an additional constraint imposed by t' = t — R(s,s')/c, 
where К(5, 5') represents the distance between the spatial source and observation 
points. Thus, as the integration over 57 is performed the dependency on г also 
vanishes. In essence, L performs a spatial integration over the space-time cone with 
due regard paid to the retarded time restriction [7]. 
Because there are two independent variables, we approximate the unknown in | 
a separable form: 


N N, 
Ё) = >, У asfs)ds(t) (91) 


п=1 т=1 


which, with (90), leads to 


N 
2, 2 aus L(s Га m(t) = 86,9 (92) 
On employing the weight function expansion | 


(ира(5,1)) = {и (ду, (S), р=1,...,М, q=1,...,N, (93) | 


there follows 
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Уг 


М, 
: 2, Anm (w(t), (vp(s), L(s, t; s',t')fals’)G@m(t'))) 
= (w(t), (v) 8G. 0)) (94) 


n 


Most numerical solutions to wire problems in the time domain employ 
subsectional collocation [see a description of TWTD (thin-wire time domain) in a 
following section]. Then 


| fon) = > X ans Pros! VÍAS dot) (95) 
and 
wpa (S, t) = 66 — 5р)9(! — tq) (96) 
where 
1 ifs'€As', and t EAt' m 
Pnm(s's) = Ї otherwise 


The general form of the current [the most commonly used unknown as in (77), (78), 
and (79)] can be shown to be 


Lun = Ц5л tm) = Кент ын Y (Em + Erm) 


| м. (97) 
Y n (Enm + >, Ани’ ћу m— f(n.n')) 


п'=1 


|| 


where E'm = total Enm, Еһ = scattered Enm, and f(n,n') = |n — n'| for a straight 
wire, but in general is a more complicated function of object geometry, and [Ann] 
is an object-dependent interaction matrix. This form is similar to a multi-input, 
multi-output linear predictor. In the general case, the general solution is developed 
by time-stepping beginning with a set of initial (Known) conditions. Many of the 
details of applying the technique to solid bodies and wires using the magnetic-field 
and electric-field integral equations in space-time domain are found in References 
7, 34, 36, and 37. 

The computer time and storage involved in obtaining a time-domain solution 
having N, time steps are given approximately by 


Т, = (У + Т, Na) МММ: (98а) 


апа 


S, = (М + N)N (98b) 
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with N; the number of incident fields or excitations, and М, the number of angles at 
which the far field is evaluated. In (98а) the Т, term accounts for current-charge 
computation, and Т, for far-field evaluation. 


The N-Port Analogy 


Solutions based on the MOM in either the frequency domain or time domain 
can be viewed as leading to an N-port equivalent network because in either case an 
М х N matrix can be developed as an approximation to the actual boundary-value 
problem of interest. Thus, finding the response of the structure to an arbitrary 
incident field variation in either the time domain or frequency domain requires 
determining the currents induced at each of the N ports for as many specific exciting 
source distributions as are necessary to adequately describe the incident field 
variation. This viewpoint can provide useful physical insight [7]; an idea of the 
amount of computational effort required is shown in Table 4. In this table, N is the 
number of unknowns, № the number of frequency samples, and N; the number of 
independent spatial source distributions (incident fields). Note that №; and N; can 
be related to N for specific problems based on a sampling theorem argument. A 
complex interaction term is considered to be composed of two real interaction 
terms. 


Table 4. Comparison of Frequency-Domain and Time-Domain Models in Terms of 
the Number of Real Interaction Terms Involved (After Poggio and Miller [7], (C) 1973 
Pergamon Press) 


Equivalent Real Interaction Terms 
for N-Port Structure 


Frequency Domain | Time Domain FD/TD 
(FD) (TD) > 1 favors TD 
М, Frequencies N, Time Steps | « 1 favors FD 


Computation* 


Monostatic (N; angles of 
incidence) 
Single frequency 
(№ = 1) 
Time response** 


Bistatic (one angle of 
incidence) 
Single frequency 
(Ny = 1) 
Time response ** 
(№ = N,/2) 


2NIN,N; 


NIN; 


* A monostatic computation involves finding the far field for enough incident sources (N;) to define 
the angle-dependent back-scattering pattern, while a bistatic computation involves finding the scattered 
field for one incident source. The latter is the situation most relevent to antenna analysis where only a 
few antenna feed points would be of interest. 

**For equivalent information, N; = №, in transforming between the frequency domain and time 
domain. But because the admittance samples for plus and minus frequencies are complex conjugate, 
only the plus-frequency values are needed so that М, = N,/2. 
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Comparison of Frequency- and Time-Domain Approaches 


It is useful to compare the steps involved in performing frequency-domain 
and time-domain computations, as is done in Table 5. In this table the various con- 
stants for storage and time are computer and algorithm dependent, and п is 
a symmetry measure given by 24 for objects having d = 1, 2, or 3 planes of mirror 
symmetry, and by the number of sectors for objects having discrete rotational 
symmetry. (Symmetry effects are discussed more thoroughly in Table 7.) 

The most important points to note in Table 5 are that a frequency-domain 
approach yields a solution valid at a single frequency but for an arbitrary spatial 
source distribution. The time-domain approach, on the other hand, yields a 
solution valid over a wide band of frequencies but for only a single spatial source 
distribution. In addition, it is relevant to mention that the time-domain approach 
can handle nonlinear effects, while dispersive and/or dissipative media can be 
handled more readily in the frequency domain using integral equations. 

Comparison of the computer-time and -storage expressions in (89) and (98) 
reveals further interesting differences. A summary of computer-time dependencies 
for several kinds of common problems is given in Table 6, which was developed 
assuming the dependence on L and C of the various sampling densities as indicated 
in the footnote. This table includes only the dominant terms of the computer-time 
dependencies; i.e., as frequency increases without limit, the solution time should 
eventually exhibit the indicated behavior. The multiplying factor needed to 
estimate the actual time, which is computer, algorithm, and problem dependent, is 
not included. It is enlightening, however, to see the trends that characterize these 
different problems, permitting the potentially most efficient approaches to be 
identified. 


Benefits of Symmetry 


Symmetry can substantially reduce both storage and computation time, essen- 
tially by eliminating redundant operations. Consider, for example, the case of the 
center-fed, straight dipole. Its current is symmetric about the feed point, so that 
finding the current on just one half of the antenna defines the current on the whole 
antenna. In addition, the impedance matrix for equal-sized segments exhibits a 
symmetry about the antenna’s midpoint, a fact that can reduce the matrix fill time 
by one half. Actually, a further symmetry holds for this structure in that only the 
first row is needed to define the entire impedance matrix. This is because the 
structure is translation invariant, i.e., the interaction between any two points a 
given distance apart on the wire is independent of their actual positions. 

There are three different kinds of symmetries that can be exploited: plane, 
rotational, and translation symmetry. Each is discussed briefly below and sum- 
marized in Table 7, which was constructed considering only multiply and divide 
operations. 

Plane Symmetry—An object can exhibit up to three orthogonal symmetry 
planes. The dipole example discussed above possessed one. Each plane halves both 
the storage needed for the impedance matrix and the computer time needed to fill 
it. Solution time is reduced because the admittance matrix possesses the same kind 
of symmetry as the original impedance matrix. Finally, if the exciting field is either 
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Table 6. Dependence of Computation Time on Object Size for Wires of Length L 
and Surfaces with Enclosing Spheres of Circumference C Enclosing Them (After 
Poggio and Miller [7]) 


Frequency Time 


Calculation* Domain Domain 


Monostatic: 


Surface (CA 

Wire (Ly (LAY * 
Bistatic: 

Surface (с/у! (С/А)5 

Wire (ШУ? 


Monostatic: 
Surface 
Wire 

Bistatic: 

Surface 

Wire 


*These dependencies on object size are arrived at by determining the highest-order terms in (892) 
and (98а), assuming that the various sampling densities depend on object size in a systematic way. For 
wires we use № « L/A, the number of incidence angles N; с М, the number of time steps №, < М, and the 
number of frequencies №, ос М. Similar values for surfaces are № ос (С/АУ, М; ос С/А, М, = C/A, and N, < 
CIA, respectively. 


Table 7. Effect of Various Kinds of Symmetry on Impedance Matrix Storage and 
Fill Time and Admittance Matrix Solution Time Relative to Same Number of 
Unknowns and Without Symmetry 


Impedance Matrix 
Type of Storage and Admittance Matrix 
Symmetry Fill Time Solution Time 


General Source One Symmetric Source 


None 


Orthogonal 
plane 
(d planes) 
Rotational 
(n sectors) 
Translational 


even or odd about the symmetry plane(s), only that part of the admittance matrix 
which gives an even or odd current is needed. 

Rotational Symmetry—An object can be either continuously rotational about 
an axis (a circular loop, for example) or discretely rotational (an n-sided polygon). 
Since a wire code normally models curved objects using piecewise linear (or 
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' Straight) segments, discrete rotational symmetry is the one usually encountered in 
wire modeling. Storage and impedance matrix fill time are reduced in proportion to 
the number of identical sectors (1) comprising the model. Because the admittance 
matrix is circulant in the same way as the impedance matrix, its solution time is 
decreased due to needing only a part of the factored or inverted matrix. 
Furthermore, if the exciting source has symmetries in common with the object, 
additional savings are possible. There is a close correspondence between con- 
tinuously and discretely rotational objects, in that the continuous Fourier transform 
applicable to the former is analogous to the discrete Fourier transform applicable to 
the latter. 

Translational Symmetry—This is the symmetry exhibited by an object that is 
space invariant along some line. It can be continuous or discrete, as demonstrated 
by a continuous shell of arbitrary contour that is modeled using a wire grid. 
Impedance matrix storage and fill time are reduced in this case by the fact that 
interactions along the structure are invariant with respect to absolute coordinates. 
The admittance matrix is a product of two matrices having the same structure as the 
impedance matrix, yielding a further, very substantial time savings. This kind of 
symmetry produces what is termed a Toeplitz matrix. 

As a concluding comment it should be observed that the above symmetries can 
occur in combination. When this is the case, even more reductions of computer 
resources are possible. 


4. Computation 


Computation is, of course, the focal point of modeling, and is the purpose to 
which all the other efforts are ultimately directed. It is where a user first encounters 
а given code and may experience difficulties. Because these are often due to 
deficiencies in documentation, maintenance, and assistance for the EM codes, we 
discuss each of these areas below. 


l. Documentation: At a minimum the documentation should include a written 
description of the code and a reasonable amount of comment statements within 
it and directions on how to use it. Also highly desirable are applications guide- 
lines, a discussion of the code's limitations, and examples of its use to provide 
check cases for the new user. As an option (highly desirable) the documenta- 
tion could also provide the theoretical basis for the code and a discussion of the 
numerical treatment. 

2. Maintenance and Updating: Most codes that receive any significant amount of 
use benefit greatly from periodic updating. One of these benefits is to correct 
"bugs" and identify unanticipated or unknown limitations in the code. The 
other is to inform the users of new capabilities that have been added to it. 

3. User Assistance: Perhaps the most crucial factor in making the user-code 
encounter a successful one is that of user assistance since the best engineered 
and documented codes can leave unanswered questions and produce inex- 
plicable results. Access to an experienced user, or the code developer, can save 
a user much time and anxiety. User assistance is also beneficial as a feedback 
mechanism for the developer. 
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Modeling Errors 


Although a variety of errors can arise in computer modeling, they can be con- 
veniently put into just two categories defined according to their cause as physical 
modeling errors and numerical modeling errors [41]. The former, which we denote 
by e,, provides a measure of the mismatch which may occur between the 
numerical model and the physical reality it is intended to represent. The latter, 
which we denote by ey, provides a measure of the mismatch between the solution 
obtained from the computer model and an exact one for the numerical model being 
used. In Table 8 are listed examples of some commonly encountered physical and 
numerical modeling errors. 

As a general rule, ey can be made acceptably small by simply increasing the 
number of unknowns (number of segments N in subsectional models) used for the 
numerical model. This is because various measures of ey (see Table 9, for 
example) demonstrate that it tends to be an exponential function of the number of 
samples per wavelength. For geometrically complex structures, unfortunately, the 
value of М needed before ем exhibits this behavior may be unaffordably large so 
that ey is not reducible to an acceptable level. Some results of increasing N are 
shown in Figs. 15 and 16. 

In Fig. 15 the results are based on the backscatter radar cross section averaged 
over 4z steradians of incidence angles using the value obtained from a model 
having the maximum feasible number of segments used as a reference for 
convergence purposes. All objects tend to yield the same slope past some minimum 
sampling density per wavelength, М, with ey o: exp( —AN;), where A is a value in 
the range from 0.15 to 0.30. 

In Fig. 16a the rms current /,,,(N) for N segments is shown, while Fig. 16b 
shows the rms current error relative to a reference: /,,(N)/I; (ref). Models using 
sinusoidal bases are seen to be superior where a traveling-wave current can exist. 

There are other ways of estimating ем besides increasing N, as discussed in the 
next section. 

Physical modeling errors are intrinsically the more difficult to establish be- 
cause they almost invariably require experimental measurements for their direct 
assessment. But because experimentation is subject to its own errors and un- 
certainties, differences between a measured physical model and a computed 
numerical one cannot necessarily be attributed to the computation alone. One way 
to handle this problem is to use two or more experimental models, with one 
intended to model the real physical problem as closely as possible and another 
which matches the numerical model. Assuming systematic errors affect both 
measured results in the same way, a comparison of the two measurements should 
provide an accurate indication of e,. Two (or more) numerical models might be 
used in a similar fashion to estimate e,. The important point to keep in mind is 
that comparing either two (or more) measurements or two (or more) calculations 
can provide a way to estimate €,. The value of such comparisons is not limited 
to this application, however. Other uses are discussed below. 


Limitations 


Every code without exception is subject to limitations of various kinds. These 
limitations may be known or unknown, intrinsic or imposed, and can arise from the 
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formulation, numerical treatment, or other choices made by the developer. 
Whatever the cause, it is important that the user be informed about known and 
anticipated limitations which affect the code's applications. 

Information on limitations should be included in the documentation and can be 
compiled by listing the modeling capabilities incorporated in the code or, less | 
preferably, by listing the things it cannot or was not designed to do. | 


Тађје 8. Generic Examples of Physical and Numerical Modeling Errors and Specific 


Examples for Representative Problems 


Physical Modeling Errors 


Smoothly curved object represented 
numerically by a piecewise linear 
contour (e.g., a circular loop 
modeled as a polygon) 


Surface (closed or open) represented 
numerically by a wire grid or mesh 


Neglect of end cap in thin-wire 
numerical model 


Omission of fine object detail in 
developing the numerical model 
(sometimes referred to as model 
order reduction) 


Introduces a nonphysical discretization 
that can obscure the needed 
relationship between the physical and 
numerical models. One criterion is to 
use equal lengths for wire models and 
areas for surface models that equal 
those quantities for the object being 
modeled. 

Provides a nonphysical mechanism for 

fields to "leak through" the surface. А 
modeling criterion sometimes used 
here is to choose the grid parameters 
such that its surface area equals that of 
the actual object. 

Produces a negligible effect on the 
solution for the most part, except near 
the end of a wire 

Reduces geometry-dependent correlation 
of computed results. Object 
complexity can impose more severe 
sampling requirements than can size, 
which is why this error source can be so 
important. 


Numerical Modeling Errors 


Thin-wire approximation 


Under sampling of the unknown and 
boundary conditions 


Basis and weight function 
incompatibility with formulation 


Limits minimum segment length to 
approximately the wire diameter, or 
sharply oscillatory solution will result. 
Also ignores possible circumferential 
current variation near bends and 
junctions. 

Unpredictable, but can generally be 
expected to most affect near-field 
quantities 

Can lead to anomalous-appearing non- 
physical near-field behavior, due to 
discontinuities in the basis functions 
that are not smoothed by the weight 
functions 
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Table 8, continued. 


Specific Examples of Modeling Errors 


Physical Modeling Error | Numerical Modeling Error 


Straight wire Thin-wire approximation 
and neglect of end caps 

Thin-wire approximation 
and neglect of possible 
circumferential variation 
at the bends 

Thin-wire approximation 


Piecewise linear model is 
discrete representation 
of curved object 


Circular loop 


Wire-grid model of *Lumped" filamentary 


continuous surface model of continuous and neglect of possible 
surface circumferential variation 
at the junctions 
Wire attached to wire- Lumped filamentary Thin-wire approximation 
grid model of model of continuous and neglect of possible 
continuous surface surface plus circumferential variation 
constrained flow onto at the junctions 
surface at connection 
point 


Surface-patch model None necessarily. Usually Variation of source within 


of continuous however, the surface is surface patch is not 
surface modeled with piecewise always included 
linear patches which 
neglect surface 
curvature. 


Wire attached to None necessarily. Usually Variation of source within 
surface-patch model however, the surface is surface patch is not 
of continuous modeled with piecewise always included; thin- 
surface linear patches which wire approximation and 
neglect surface neglect of possible 
curvature. circumferential variation 


at the junctions 

Variation of source within 
surface patch is not 
always included; for 
example, edge 
singularities in the 
induced sources are 
usually not explicitly 
modeled. 

Variation of source within 
surface patch is not 
always included; for 
example, edge 
singularities in the 
induced sources are 

usually not explicitly 

modeled. 


As above for either wire- 
grid or surface-patch 
model 


Box or other object 


As above for either wire- 
grid or surface-patch 
model 


Wire attached to box 
near edge or corner 
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Table 9. Examples of Convergence Measures for Evaluating Numerical Modeling 


Errors 
Local 
i convergence: 
: Current lim 105) Convergence of Can yield non- 
i ema input monotonic 
impedance, measure of 
Field lim  E(r) current, fields, convergence 
N— Nmax etc. 
, 
i Global 
Í convergence: 
Current Í I(s')1*(s')ds' Convergence over A more complete 
C(r) entire object measure of 
[C(r)] convergence 
= У LIS AS, 
Convergence of Can be used for 
А : Е(г)-Е*(г)ах" field over n = 1, near or far field. 
| К 2,ог3 If a near-field 
! dimensions quantity, can be 
expensive 
computation 
у Random 
~ сопуег- 


gence 
(local or 
global) 


R- | 
> F(r,) 


With F(r,,) a field 
quantity which is a 


Convergence of 
any field 
quantity 
measured by a 
random 


Permits estimation 
of convergence 
and uncertainty 
of convergence 
estimates 


function of a 
random variable г, 


observation 
variable 


Information concerning limitations should also be incorporated in the code 
itself. This can be as simple as providing internal checks that prohibit unacceptable | 
parameter values from being used or inappropriate problems from being run, at 
least without warning the user. Further checks might be performed at subsequent 


steps in the computation to determine whether other limitations have been 
violated. 


5. Validation 


Unless a code can be used with some acceptable degree of confidence that it 
produces reliable results, it will have little value to prospective users. The process 


of validation is a vital and ongoing one. Here we discuss several ways to validate | 
a code. 


Experimental Validation | 


In spite of the difficulties which attend experimental validation already alluded 
to in the section on modeling errors, measurements still remain the most satisfying 


Techniques for Low-Frequency Problems 3-73 


STRAIGHT WIRE 

CIRCULAR RING 

CROSSED, SKEWED DIPOLES 
SQUIRREL CAGE 

ZIG-ZAG 

QUADRAFIN 


oe«m-xaoboe 


RELATIVE ERROR 


NUMBER (N,) OF SEGMENTS PER WAVELENGTH 


Fig. 15. Convergence behavior of various wire objects. (After Miller, Burke, and Selden 
[42], (Q 1975 IEEE) 


way to demonstrate a code's validity. Experimental validation is most suitable 
where the measurement and computation can be made wholly congruent to reduce 
or eliminate any associated ambiguity that affects their comparison. If this is the 
case, it is then possible to make meaningful, absolute comparisons as opposed to 
the relative ones previously discussed. 

The quality of the experimental validation can depend on the kinds of 
quantities being compared, specifically the relative degree of difficulty their 
measurement represents. Progressing in order of increasing difficulty, common 
quantities for validating a code are far fields (patterns and frequency dependence), 
radiation resistance (computed from integrating the far field), current and charge 
distribution, impedance resonances, and input reactance. An example of a 
resonance check is given in Fig. 17. Shown here is the resonance in the input 
impedance of a center-fed antenna consisting of a variable number of long zigzags 
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Fig. 16. Convergence results for scattering from a wire 5.84 long, based on an rms- 
current measure. (a) Showing the rms current. (b) Showing the rms-current relative error. 
(After Poggio, Bevensee, and Miller [43], © 1974 IEEE) 


as a function of the bend angle a, which is 180° when the antenna is a straight wire. 

The tip-to-tip length of the antenna is kept fixed at 29.6 in (175.18 cm). Good 

agreement is observed between the measured and computed results. | 
Because input reactance is so dependent on feed-region details, both in the | 

experimental and numerical models, it is probably the most sensitive quantity to 

use for validation. But it is extremely common to observe shifts in frequency 

between measured and computed impedances. Shifts in far-field pattern details are | 

also frequently observed both as a function of angle and frequency, as depicted 

graphically in Fig. 18. It is for this reason that relative comparisons, i.e., comparing 

a measurement with a measurement, or a computation with a computation, are 
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Fig. 16, continued. 


often more appropriate. Besides their use in validating a code, experimental results 
can be invaluable in developing an appropriate model for a given problem. It may 
seem to be reasonable to conclude that a computer model can be developed merely 
from a description of the problem, but it often happens that the physical modeling 
error depends unpredictably on the details of the computer model. Without the 
insight provided by the experimental data, there is little to guide the modeler in 
selecting the model parameters best suited to the particular problem. The outcome 
may be that valid numerical results are obtained, but for a significantly different 
physical problem than the one of interest. Only by using the experimental data can 
the most appropriate model be chosen. 
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Fig. 17. Example of a near-field experimental check. 
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Analytical Validation 


There are relatively few problems having analytical solutions that can be used | 
as checks on computer models. In the case of wire objects there are accurate 
closed-form but approximate solutions for straight wire and circular loop antennas, 
both of which have been employed to validate computed results. Perhaps the only | 
truly analytical solution available for validating wire codes is that for the two-wire 
transmission line. But since the transmission-line equations do not account for 
radiation, this check is also an approximate one. For surface objects, the sphere, 
spheroid, and ellipsoid provide useful check cases. 

Unfortunately, all these problems tend to provide relatively undemanding test 
cases, as straight wires and spheres seem to be the simplest of problems to solve 
numerically. As checks on computer models they may be viewed more as necessary 
rather than sufficient conditions for establishing code validity. Analytical concepts, 
however, do provide the basis for other checks as described below under internal | 
validation. | 


Numerical Validation 


There are essentially two kinds of computations that can be used for numerical 
validation of a code. These are external checks, in which one code is used to vali- 
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Fig. 18. Generic example of shifts frequently found between computed and measured 
results. (a) As a function of angle. (b) As a function of frequency. 


date another, and internal checks, wherein various conditions required of a valid 
solution, but perhaps not routinely examined, are computed. Each kind of check is 
discussed further below. 


External Validation—One of the most reassuring ways of validating a code's 
numerical performance is to find that, using some standard error measure, it agrees 
with a different code within some acceptable error bound, єє, when they are both 
applied to the same problem. To the extent that these codes are independent in 
their formulation and numerical treatment, and ec has a meaningfully small value, 
agreement between them will imply their mutual validity. However, the value of 
ЕЕ may signify nothing quantitative about ey, because neither code can be 
necessarily assumed to have converged. In addition, we emphasize that such 
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comparisons should preferably utilize an integral or global error measure, as a 
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pointwise or local comparison is less likely to provide a meaningful test. 


Internal Validation—Internal validation is achieved by verifying that the code is 
self-consistent, i.e., satisfies Maxwell's equations in various necessary ways. These 
include power conservation, boundary conditions, reciprocity relations, and so on. 
Table 10 summarizes some of these tests, which are briefly discussed below. Most 
of these are necessary but not sufficient requirements for solution validity. 
Boundary-condition checks are probably the most convincing, but they are also the 


most expensive in computer time. 


Table 10. Some Checks That Could Be Used for Internal Validation of a Computer 


Requires Comments 


Model 


Power 
balance 


Reciprocity 


Boundary 


condition 


Convergence 


"Nonphysical 
behavior" 


Power supplied by incident 
field to equal sum of 
dissipated plus radiated 


power [(99)- (100)] 


Interchanging observation 
and source locations to 
yield identical results 


[(101)] 


The specified conditions on 
the boundary to be met 
[(103)- (104)] 


Computed result to approach 
a limiting value as N is 
increased 


Computed result to exhibit a 
physically plausible 
behavior 


Provides a good check on the 
antenna source model for the 
radiation resistance and 
validity of resistive loading. A 
necessary but not sufficient 
condition 

A useful check for antenna 
patterns. The receiving pattern 
is likely to be more dependable 
than the transmitting pattern 
because it is an integral (global) 
quantity. A necessary but not 
sufficient condition 

The most fundamental check on 
the solution. Consistency 
requires that the same weight 
function be used for this check 
as are employed in the 
numerical model. Can be 
computationally expensive. A 
necessary and sufficient 
condition 

Exhibits behavior of a given 
quantity as number of 
unknowns is increased. Can be 
applied on a local or global 
basis to any observable. Near- 
field results provide a more 
sensitive measure especially on 
a local or pointwise basis 

Can be a subjective check. One 
example is provided by spatial 
oscillation of current over 
distance much less than the 
wavelength. Other examples 
are negative antenna resistance 
and anomalous near fields 
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Power Conservation—For lossless media, all the power supplied to an object 
must equal the sum of its resistive losses and integrated far-field power flow. This 
condition can be stated mathematically as [see (26)] 


ве | әк") - ке} | Я 
C(r) C(r) 


(99) 
+ Re lim $ E(r) x uod 
RoeJs 

where the term on the left is the supplied power, and the right-side terms account 
for the dissipated and far-field power, respectively. Note that the supplied-power 
term arises from integrating the inward Poynting's vector normal to the object's 
surface due to the exciting field. Equation 99 applies to both antenna and 
scattering problems, but for the special case of an antenna excited at a single point 
(segment), the supplied power simplifies to 


Re | гевеи] = Re(IV4) = | Ёл (100) 
C(r) 


Thus (100) provides an explicit test on the computed input resistance when the 
object is excited as an antenna. 


Reciprocity Relations—Another general requirement of a valid solution to . 


Maxwell's equations is that of reciprocity, for which a general mathematical 
statement is 


| чөе а“ = | " 


Е,(57):1,(87)48” (101) 
г) 


A numerical model сап be tested for reciprocity in various ways. Both far- 
field and near-field tests are useful. An example of the former is 


Е(00, Ө;) = E(60;, 60) (102) 


i.e., the field scattered in direction Өр due to a plane wave incident from direction Ө; 
is the same as when the two angles are interchanged. 

A near-field test is provided by subjecting the admittance matrix to a test 
defined by 


where the source segment length is Aç}. Because of reciprocity the impedance 
matrix is symmetric when a Galerkin's technique is used, but with point matching 
(delta-function weights) this is not the case unless the two segments in question are 
of equal length. 

Boundary Conditions—Although the integral equation is derived with bound- 
ary conditions explicitly satisfied everywhere on the object, the numerical solution 


3-80 Fundamentals and Mathematical Techniques 


can only approximate that condition. It is therefore useful to compute the surface 
fields over the object using the currents (and charges) that have been computed. 
However, this check cannot be applied using the same testing-function locations as 
were used to generate the impedance matrix since the boundary conditions at these 
locations should be satisfied to computer accuracy. In between these locations, 
though, it can provide a demanding test of solution accuracy. 

Such a check is best done in an integral sense, as a few isolated field values are 
not likely to provide a meaningful test. Furthermore, the errors have a quantitative 
significance only relative to the exciting field value. One logical measure of 
boundary-condition mismatch is given by 


| 4, EC) = EGIS ЇЕЧУ) - BMG} аг 


Єв = (103) 


NITET 
C(r) 


This error functional does not include explicitly the possible role of the current in 
establishing the importance of boundary-condition mismatch. It can happen, for 
example, that large errors in the field are less important in places where the current 
is small than where it is large. This is because the field error when multiplied by the 
current is equivalent to a nonzero power flow normal to the object. Thus an 
alternative to (103) is 


| {ц')-[Е(з') — Е) 187 4Е(7) — E(s)]*) 48 
ep = SO (104) 


f OEGI MEEGA 
С(г) 


Any validation procedure which requires evaluation of near fields can be 
computationally expensive to implement. Thus, even though boundary-condition 
checking may be a quantitatively meaningful way to estimate solution validity, it is 
not viable for routine use. Such checks are generally most valuable when employed 
selectively, for example when a new kind of problem is being modeled. 


Check Cases—lIt is frequently useful to have results available for standard check 
cases to use in establishing that a code is continuing to produce valid results. This is 
especially true when the code has been adapted to a new machine, an updated 
operating system is introduced, the user has made some changes, and the like. At 
the very least, some problems which exercise various of the code's features should 
be described and their output included in the documentation. 


6. A Guided Tour of Some Codes and Their Features 


In this section we will discuss some of the issues and trade-offs to be considered 
in developing and selecting a modeling code, and we will present a detailed catalog 
of representative examples. 
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The General Versus the Specific 


Compromises must be made in developing any modeling code. Perhaps most 
immediate is that of deciding on the degree of generality (or complexity) versus 
specificity (or simplicity) the code is designed for in terms of problems to be treated 
and features it is to contain. By and large a code intended to handle a wide variety 
of problems will not be as efficient or accurate for a given problem as a code 
designed for that particular problem alone. Furthermore, other measures of code 
“usability,” such as storage requirements, user ease, modification ease, and othér 

,user resource requirements, may favor the specific code over the general one, 
even at the expense of the limited scope [44]. Nevertheless, the general code can be 
an essential and important tool for a wide spectrum of users. The point is that there 
is a need for both kinds of codes, and the user should be aware of their relative 
advantages and disadvantages. 


Generic Characteristics 


Formulation—Although Maxwell's equations provide the starting point for any 
formulation, various significant differences in capability can arise in the process of 
developing a suitable mathematical description. Rather than reviewing this issue in 
detail, instead a few of the major options and their consequences that might be 
considered at this step are summarized in Chart 18. 


Numerical Treatment—Once the formulation has been developed, the needs of 
the numerical treatment are fairly clear. Furthermore, whether a differential 
equation, integral equation, hybrid, or some other approach has been selected, 
these needs are quite similar, and involve the basic steps given in Table 2. 

An issue of importance comparable to that of the formulation is the choice of 
basis and testing functions. We will discuss each briefly here, and summarize in 
Table 11 examples of some of the more commonly used combinations. Sinusoidal 
bases are preferable for objects having traveling-wave currents. 

Basis Functions—The goal of the basis function is that it provide a match to 
the unknown to the degree of accuracy being sought using an acceptable number of 
unknown coefficients. There is quite a degree of latitude provided by this general 
goal, as several possibly conflicting factors may affect the choice, in a specific 
situation. 

Perhaps the most obvious factor is that of the physical variation the basis 
function is intended to represent. Other things being equal, that basis function 
which can provide the closest match to the physical quantity being modeled while 
using the smallest number of unknowns would be preferable. The situation is 
hardly ever this simple, however, since the trade-off between impedance-matrix fill 
time and the subsequent solution time must also be considered. While the latter is 
smaller the fewer unknowns there are, the former may more than offset this savings 
by increasing the fill time because of the increasing basis-function complexity. Thus 
the spatial variability provided by the basis function and evaluation of its fields are 
its important characteristics. 

Another factor is associated with the nature of the integral or differential 
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Chart 18. A Ranking of Time-Domain and Frequency-Domain Approaches Based 
on Integral Equation and Differential Equation Formulations with Respect to 
Various Kinds of Solution Capabilities and Issues 


Time Domain 


Differential Integral 


Frequency Domain 


Differential ^ Integral 


Equation Equation Equation Equation 


Linear 
Dispersive 
Lossy 
Anisotropic 
Inhomogeneous 
Nonlinear 
Time-varying 


Line (Wire) 
Closed surface 
Volume 

Open surface 


Interior problem 
Exterior problem 
Linear 
Nonlinear 
Time-varying 
Half-space 


Symmetry exploitation 
Far-field evaluation 
Number of unknowns 
Length of code 


Numerical procedures 

Analytical techniques 

Geometrical theory of 
diffraction 


y = Highly suited or most advantageous 
~ = Moderately suited or neutral 
— = Unsuited or least advantageous 
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Table 11. Specific Examples of Basis and Weight Function Combinations Used for 


Wire Models (After Miller and Deadrick [41]) 
FO 


Pulse Delta function Produces point-matched fields. 
Ал P, (s') ó(s — Sm) Current and charge are 
discontinuous at domain 
junctions 


Linear Linear A Galerkin's procedure. 
Аб) + B, брод + 6,0 Provides continuous current 

Sinusoidal Sinusoidal A Galerkin's procedure. 
Ass, CU + Bus 5409 4540) Provides continuous current. 


Especially good for longer 
(L > 24) wires 
Produces point-matched fields. 
Can provide continuous 
current and charge 
Produces point-matched fields. 
Can provide continuous 
current and charge. 
Especially good for longer 
(L > 24) wires 


Delta function 
9(5 — Sm) 


Parabolic 
A, + B.E + СЄ? 


Delta function 
ó(s Е Sm) 


Three-term sinusoidal 
An + Bus, + С„с„ 


Fourier series 
(s) = У Але!“ 


Entire Domain 


Delta function Used for axisymmetric objects 
ó(s m Sm) 


Legend 
As, = length of nth segment C64) = s — 5, + Аз, s = sink C), 
5, = sin[k(s' — 5„)] 
$, = center coordinate of 6,0) = 5' —5, – А, sí) = sin kl, C, 


As, along C(r) c, = cos[k(s' — s,)] 


operator which generates the field from the sources. Care must be taken, for 
example, if the order of a differential operator exceeds the differentiability of the 
basis function. When this happens a nonphysical field behavior can occur, unless an 
extended interpretation of the differentiation is employed, as is done when using a 
pulse current basis and a pulse charge basis. If the differentiation is the more subtle 
kind that occurs from the multiplication of a source by its differentiated Green's 
function, it is no less a problem. Consequently, a basis function must possess the 
degree of continuity required by the formulation and numerical treatment. 
Weight Functions—A third factor which affects the suitability of a given basis 
function is the weight function being considered. The weight functions may vary 
from a simple delta function (this is called point matching), to being the same as the 
basis function (this is called Galerkin's Method), to providing even more variability 
than the basis function. A weight function (other than a delta function) can be 
viewed, in general, as smoothing out the fields produced by the combination of the 
basis function and operator. For a given operator, it is the total variability (this 
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might be quantified by the number of degrees of freedom) of the basis-weight 
function combination that is important. Thus, using a lower-order (fewer degrees 
of freedom) testing function might be compensated for by using a higher-order 
basis [45]. 

As a specific example of this possibility we observe that the combination of 
piecewise sinusoidal basis and testing functions seems closely comparable to the use 
of a three-term basis with a delta-function weight in solving the thin-wire electric- 
field integral equation. Curiously enough, it can also be shown that interchanging 
the basis and weight functions does not change the impedance matrix elements [45]. 
This emphasizes the need to evaluate the fields using a testing function that is 
compatible with the basis function being employed. 


Features—While it is the formulation and numerical treatment that establish the 
features a code is fundamentally capable of providing, it is often the add-ons that 
make it truly useful. Summarized here, and in Table 12, are some of the more 
commonly included features to be found, divided into three categories as input, run 
time, and output features, respectively. Included are what could be expected as a 
minimum, as well as extended features for more fully developed codes. 

Input Features—Aside from the task of developing the parameters of the 
numerical model to be used, the most time-consuming part of the modeling process 
for the user is that of actually putting the model data (which consists of both 
geometrical and electrical information) into the computer. 

The problem to be modeled may be described to the computer via input data, 
stored modules, and computation. The simplest, but most laborious, method for 
inputting object geometry is to give the required parameters (for example, center 
coordinates, length, radius, and direction angles) of each individual wire segment 
(or surface patch) in the object. This segment-oriented and inefficient procedure 
can be significantly improved by adopting a wire-oriented approach, wherein only 
the geometry (straight or curved wire, etc.), end points, radius, and number of 
segments of each wire are given. The computer then computes the data required to 
specify each segment. An additional enhancement can be realized by storing 
geometry modules that may occur as parts of more complex objects. 

For objects having planar or rotational symmetry the description can be further 
simplified. Reflections about one to three symmetry plans can expedite model 
development, as well as shorten the computation time. Rotation about an axis can 
be similarly used, either for axisymmetric objects or sectors of such objects. 

Displaying the object geometry on a display terminal or plotting it out in hard 
copy is a check that is always worthwhile doing, even for simple objects. At the 
least a hard-copy plot provides a record that is valuable for interpreting the output 
data and keeping with it as a permanent record. More than that, these plots can 
reveal errors in the input data, or verify its validity. A tabular printout of the model 
data is also useful for quantitative values. 

Besides object geometry, model data also includes (for most codes) informa- 
tion about electrical connectivity of the geometrical segments which make up the 
object. This information is needed to establish current reference directions, to 
relate the basis function on each segment to those segments connected to it, and to 
identify open-ended wires where the current goes to zero. Because segments that 
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Table 12. Examples of Generically Useful Code Features 


Object definition Specify object coordinates 
on a segment-by- 
segment basis 


Provide a selection of 
“building blocks" from 
which a relatively complex 
object can be developed 

Develop exciting field over 
object from menu of user- 
selected options 

Automatic checking of input 
data and parameters to 

identify user violation of 

recommended guidelines or 
inconsistent data 


Exciting source 
description 


Specify on a segment 
basis 


Data check None 


Admittance 
matrices 


. Verify that their product 
with the impedance 
matrix yields the 
identity matrix 


Perform extended reciprocity 
check using admittance 
matrix 


Current and Produce error flag if the Estimate the exponential 
charge computed quantity (SEM) parameters of the 
evolution in the becomes divergent computed quantity to 
time domain predict behavior and 


terminate computation as 
soon as possible 


Induced current 
and charge 
distributions 


Numerical printout Monitor display or hard copy 
plotting. Could be 
interactive as user varies 
exciting field 

Monitor display or hard copy 
plotting. Could be 
interactive as user varies 
exciting field 

Monitor display or hard copy 

plotting. Could be 

interactive as user varies 
exciting field 


Far fields Numerical printout 


Near fields Numerical printout 


are specified to be electrically connected must have their physical end points at 
common locations, electrical-connectivity data can be derived from the geometry. 
But, by providing both kinds of object data independently, a self-consistency check 
can then be made to validate the input data. 

This object data is all that is needed to develop a model, as the N-port admit- 
tance matrix can be obtained from such data alone. Additional data is eventually 
required to specify the excitation, to select whatever run-time options the code 
provides, and to specify the output desired. 


3-86 — | Fundamentals and Mathematical Techniques 


Run-Time Features—Until now, most codes have been designed for batch 
processing. Little or no control or monitoring of the actual computation is available 
to the user. The increasing interactivity and speed provided by present and future 
computers offers some interesting possibilities. Some of the more obvious are given 
below. 

One run-time feature that would give the modeler more control of the 
computation is an interrupt and restart capability to enable the computation to be 
stored at an intermediate point. This could be done in order to examine its 
accuracy, for example, so that an otherwise expensive and valueless гип could be 
terminated and appropriate changes made in the input parameters to redo the 
computation. Such a capability could be especially valuable when new problems 
are being modeled. 

Another run-time feature of potential value is one which would enable the 
modeler to make changes in the model parameters during the computation. If an 
accuracy check revealed that some error measure exceeded a desired threshold 
value, then having the option of increasing the sampling in that area of the model 
could perhaps rectify the problem. In essence, the modeler becomes part of a feed- 
back loop, making decisions about modeling that would be difficult to anticipate 
a priori. After gaining experience with that kind of problem, the feasibility of 
automating such decisions for similar problems could be established. 

Output Features—Even the most elementary code can produce an over- 
whelming volume of output. Unless this output can be presented to the user in an 
understandable way, it is likely that not only will important results be missed, but 
also that wrong conclusions will be reached. At the least this makes the computa- 
tion less useful than it should be, and at the worse, makes it counterproductive. 

Output options provided by most models include a choice by the user of a 
variety of EM phenomena. For antennas these range from (most often) far-field 
patterns, input impedance, transfer or mutual impedances, current and charge 
distributions, and (least often) near fields. Auxiliary quantities derivable from 
the above include radiated power, input power, antenna loss, antenna efficiency, 
absolute and directive gain, polarization, field impedance, and insulator and 
impedance-load voltage drops. This is a broad range of quantities, many of which 
are not conveniently available from measurement. 


The Importance of the Details 


It is fair for the prospective user to ask why all the details of the formulation, 
numerical treatment, etc., should be of interest to him or her. After all, the average 
computer user does not need comparably detailed information about most of the 
software provided by a computer's operating system. The difference between these 
situations is that the typical EM modeling code is neither as simple nor as easy to 
use as the system routines. Therefore it is important for the user at least to be aware 
that there are trade-offs involved in designing the various codes that could be 
considered, and the implications thereof for his or her applications. 

For example, consider the specific issue of the basis function used in a par- 
ticular code. As has been discussed above, one criterion for the basis-function 
selection is that it provide a reasonable match to the expected current behavior so 
as to minimize the number of unknowns. In modeling long, traveling-wave 
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structures, such as the Beverage and sloping vee antennas, a basis which includes a 
sinusoid is preferable to one which uses polynomials [43]. 


A Code Catalog 


Since even two codes designed for application to the same kinds of problems 
may differ greatly, it is worthwhile to identify a set of generic features by which 
they and other codes can be usefully compared. In this section we outline the 
properties of a representative collection of codes in these categories: (1) code 
description; (2) analytical foundation; (3) numerical treatment; and (4) usér 

, features. The codes summarized in Table 13 were chosen to illustrate the variability 
that may typically be encountered between such modeling codes. Equivalent 
information is not available in all cases so that one-to-one comparisons are not 
always possible. Nevertheless, information of the kind presented has been found to 
be useful and may provide a model for the interested reader in comparing codes 
being considered for his or her own use. Another source of code information, in 
this case for EMP applications, is given in [46]. 


A Closer Examination of Two Specific Codes 


Two widely available computer codes are NEC (Numerical Electromagnetic 
Code) [23] and TWTD (Thin-Wire Time Domain) [47, 48, 49]. Their characteris- 
tics are summarized in Table 14. These are not the only computer tools that are 
applicable to wire modeling in the frequency and time domains, but they can be 
considered representative of this general kind of electromagnetic code. Also, NEC 
is one of the best documented and most widely used codes, and TWTD is almost 
the only one available for time-domain modeling of general wire objects. 

For simplicity, and because of problem-caused variability, the computer and 
storage estimates listed in Table 14 do not include the effects of symmetry. Also, 
these aspects have been discussed previously. 

In Table 15 are listed several representative problems to illustrate application 
of these two codes. Specific problems can always be found which reveal that one 
approach may have a computational advantage over another. It can be expected, 
however, that when each produces the equivalent information, without redundant 
or unneeded results, they generally will exhibit similar efficiency when developed 
using similar numerical and programming techniques. 


Application Guidelines 


It should be clear that the successful application of any EM modeling code 
depends on the user's adhering to the limitations that particular code may be sub- 
ject to. These limitations may either be intrinsic (or generic) properties of the for- 
mulation, numerical implementation, and so on, or extrinsic constraints (specific) 
introduced by the developer. In either case it is vital that the user be made aware of 
guidelines appropriate for a given code to increase the probability of its producing 
valid results. While selecting a numerical model of a physical problem involves a 
high degree of art, choosing the parameters of the computer model that gets the 
best performance from a given code is hardly less artful. Table 16 summarizes some 
generic guidelines for using EM modeling codes. 
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1. Introduction 


Techniques based on the method of modal expansions, the Rayleigh-Stevenson 
expansion in inverse powers of the wavelength, and also the method of moments 


' solution of integral equations are essentially restricted to the analysis of 


electromagnetic radiating structures which are small in terms of the wavelength. It 
therefore becomes necessary to employ approximations based on “high-frequency 
techniques" for performing an efficient analysis of electromagnetic radiating 
systems that are large in terms of the wavelength. 

One of the most versatile and useful high-frequency techniques is the 
geometrical theory of diffraction (GTD), which was developed around 1951 by 
J. B. Keller [1,2,3]. A class of diffracted rays are introduced systematically in the 
GTD via a generalization of the concepts of classical geometrical optics (GO). 
According to the GTD these diffracted rays exist in addition to the usual incident, 
reflected, and transmitted rays of GO. The diffracted rays in the GTD originate 
from certain “localized” regions on the surface of a radiating structure, such as at 
discontinuities in the geometrical and electrical propeities of a surface, and at 
points of grazing incidence on a smooth convex surface as illustrated in Fig. 1. In 
particular, the diffracted rays can enter into the GO shadow as well as the lit 
regions. Consequently, the diffracted rays entirely account for the fields in the 
shadow region where the GO rays cannot exist. Thus the GTD overcomes the 
failure of GO in the shadow region; it also improves the GO solution in the lit 
region. In this sense the GTD constitutes a significant improvement over GO. The 
initial amplitude of a diffracted ray is given in terms of a diffraction coefficient just 
as the initial values of GO reflected and transmitted rays are given in terms of 
reflection and transmission coefficients. Away from the points of diffraction the 
diffracted rays in the GTD propagate according to the laws of ordinary GO. The 
diffraction coefficients can be found from the asymptotic solutions to appropriate 
canonical problems. As a result, the GTD provides an efficient high-frequency 
solution to problems that cannot be solved rigorously. For example, an analysis of 
complex radiating systems such as antennas on aircraft, missiles, or ships can be 
performed efficiently by simulating those structures with approximate models 
which are “built up” from simpler shapes. These simpler shapes carefully simulate 
parts of the actual structure that dominate the reflection and diffraction effects, 
as is described later in Chapter 20 dealing with the engineering applications of 
GTD. 

The ability of the GTD to accurately solve the problems of electromagnetic 
radiation and scattering from complex structures in a relatively simple, physically 
appealing, and efficient manner makes it a very powerful tool for antenna en- 
gineers. Moreover, the GTD can also provide information on ways to control the 
radiation and scattering. Although the GTD is a high-frequency technique it 
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Fig. 1. Examples of diffracted rays. (a) Diffraction by a curved wedge. (b) Diffraction at а 
discontinuity in surface impedance (2, and Z,,). (c) Diffraction at a discontinuity in surface 


curvature. (d) Diffraction by a thin, curved wire. (e) Diffraction by a smooth, convex 
surface. (f) Diffraction by a vertex in a plane screen. 
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works surprisingly well in many situations, even for radiating objects almost as 
small as a wavelength in extent. Even though the GTD is not rigorous it yields the 
leading terms in the asymptotic expansions of many diffraction problems. How- 
ever, because the GTD is a purely ray optical theory it fails within the transition 
regions adjacent to the GO incident and reflection shadow boundaries that divide 
the space surrounding an illuminated structures into the lit and shadow zones; it 
also at and near caustics* of diffracted rays just as GO fails at caustics of GO 
rays. | 
The failure of GTD within the incident and reflection shadow boundary 
transition regions can be overcome through the use of uniform ray techniques 
based on the uniform geometrical theory of diffraction (UTD) [4,5], and the 
uniform asymptotic theory (UAT) [6]. The UTD and UAT automatically reduce to 
the GTD outside the shadow boundary transition regions where the latter theory 
becomes valid. In engineering applications it is essential to use the uniform version 
of the GTD, namely the UTD or UAT, because the diffracted field generally 
assumes its strongest value at the shadow boundary where the GTD fails. The 
GTD, UTD, and UAT fail within the diffracted-ray caustic regions; in these 
regions the GTD, UTD, and UAT may be augmented by an equivalent current 
method (ECM) [7,8,9], which indirectly employs the GTD far from caustics to 
obtain equivalent currents that radiate fields valid at caustics. The ECM, which 
generally reduces to the GTD outside the caustic regions, is good only when the 
GO shadow boundary transition regions do not overlap with the diffracted-ray 
caustic regions. The GTD, UTD, UAT, and ECM all generally fail in regions 
where there is an overlap of the GO shadow boundary transition regions with the 
diffracted and/or GO ray caustic regions; in such regions the fields may be calcu- 
lated via the physical theory of diffraction (PTD) [10,11] and its modifications. 
The PTD was developed by P. Ya. Ufimtsev in the Soviet Union at about the 
same time as Keller's GTD, and it constitutes a systematic extension of the 
method of physical optics (PO) just as GTD is an extension of GO. The PO field is 
calculated from a radiation integral [12] which employs a GO approximation for 
the surface currents on the structure. At the present time the PTD is developed 
only for edged bodies and is therefore not as general as the GTD and its uniform 
versions. 

The format of this chapter is as follows. First the GO and PO high-frequency 
methods are reviewed in Sections 2 and 3. Then a discussion of the GTD, UTD, 
and UAT is presented in Section 4. Subsequently the ECM and PTL are discussed 
in Sections 5 and 6. The treatment in this chapter is restricted to perfectly con- 
ducting structures in an isotropic, homogeneous medium. Not included in this 
chapter are some recent generalizations of the ray methods, such as those dealing 
with Gaussian beams [13], and the hybrid combinations of ray methods with the 
moment method or modal techniques [14, 15, 16]. In this chapter the fields are 
assumed to be time harmonic with an е/“! time dependence, which is suppressed. 
Only here does о refer to the angular frequency and t refer to time. 


*Ray caustics or focii occur whenever a family of rays (i.e., ray congruences) merge or intersect to form 
a focal surface, a focal line, or a focal point. 
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2. Wavefronts, Rays, and the Geometrical Optics Field 


In this section some background material is introduced briefly to indicate the 
connection between the wavefronts and rays at high frequencies, and to also 
provide examples of ray optical fields. In addition, the basic ideas of the 
geometrical optics (GO) ray technique are reviewed. 

The Ray Concept 


A wavefront is an equiphase surface. At high frequencies the electromagnetic 
energy flow in an isotropic medium is associated primarily with the propagation of 
its wavefront along curved paths which are everywhere normal to the wavefront. 
Such highly localized paths of wave propagation which are directed along the 
normals to the wavefronts are called rays; these ray paths are straight lines in a 
homogeneous medium. The family of rays associated with the propagation of a 
wavefront is usually referred to as a normal congruence of rays. 

The above connection between wavefronts and rays may be established via an 
application of the method of stationary phase to the radiation integral over the 
equivalent (Huygens’) sources which are associated with the field distribution on 
the wavefront; this procedure constitutes a straightforward generalization of the 
scalar treatment of rays and wavefronts given by Silver [12]. Let E(r’) and H(r’) 
refer to the electric and magnetic fields at any point г’ on the wavefront surface S’, 
and let dS’ be an elemental area of S’ at the point г’ as shown in Fig. 2. Let dE(r) 
denote the field associated with a spherical wave at P which originates from dS’. 
Thus the total electric field E(r) at P is then obtained by superposing the spherical 
wave contributions from each elemental dS’ over the entire surface 5’; namely, 


E(r) = He dE(r) (1a) 


where 
—jkR 


R 


jkZo 


4л 


е 


dE(r) = [R x R x J,(r) + YoR x M,(r’)] 45' (1b) 


in which the equivalent (or Huygens") electric and magnetic current sources on 
5' are given by J,(r') = &' x H(r’) and М,(г) = E(r’) x fi’. It is noted that 
Zo = (Yo) ' denotes the wave impedance in the medium, k constitutes the wave 
number of the medium, and ñ’ denotes the unit outward normal vector to S’ at г’. 

For convenience the point O is chosen in the present development to 
correspond to a point on S’ which is nearest to a given observation point P such that 
OP = ОР |, and also such that the unit outward normal vector й' to the surface $’ 
is given Буй’ = 2 at О, as in Fig. 2. Generally, there exists at least one such point 
О. To start with, it is assumed that there exists only one such point О on S’; 
otherwise, the point P is said to be a caustic or focal point. 


It can be shown via the principle of stationary phase [12] that е ^^ 


in the 


integrand of (1b) oscillates rapidly for large k to produce a destructive interference 
or cancellation between the different spherical wave contributions to P in (1a) that 
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Fig. 2. Wavefront geometry. 


arise from each of the equivalent sources on d$' at points on 5' which do not lie in 
the neighborhood of O, whereas e FR changes slowly to produce a constructive 
interference between the various spherical wave contributions to the radiation 
integral of (1a) from points on $' which lie in the neighborhood of O. The point O 
is thus referred to as the stationary phase point. Therefore, at high frequencies (or 
large k) the dominant contribution to the integral in (1a) comes from the stationary 
point at O. 

In particular, an evaluation of (1a) via the method of stationary phase [12] 


yields 


01 02 —jks T 
E(P) — E(O) Gader 27 ^ |ОР|=$ (2) 


where o, and o; are the principal radii of curvature of the wavefront surface $' at 
the stationary point O. It is important to note that 


Q 0 es 90 | 
= sts ae ш | G) 


о+5(< 0 
in which о can be either o, ог 02. The above result in (2) indicates that the electric 
field E(P) arrives at P along a “тау” from O to P, i.e., this field is a continuation of 
the electric field E(O) at the point O on the initial wavefront 5' to the wavefront 
containing the observation point P. It is noted that the amplitude of E(P) varies as 
Voio2(ogi + 5)(02 + s) along the ray, and е`* represents the phase path delay 
along that ray. Furthermore, E(O) is polarized transverse to the ray path OP, and 
E(P) also has the same polarization as E(O) because the ray path is straight in a 
homogeneous medium. Since energy in the high-frequency electromagnetic (EM) 
field is transported along rays, it is evident from geometrical considerations that 
energy must be conserved in a tube of rays (or a ray bundle). This may be verified 
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by considering a tube or a narrow bundle of rays about the central (or axial) ray OP 
as shown in Fig. 3. First, the principal wavefront radii of curvature о; and o; at О, 
which are also shown in Fig. 3, are referred to as the ray caustic distances. Мом, the 
energy flux in the field which crosses the area ФА о of the ray tube at О is given by 
|E(O)|?dAo, and likewise, the energy flux crossing the area dA of the same ray tube 
at P is |E(P)?dA p; however, it is clear from Fig. 3 that dAg = (0:401)(02492), 
and dAp = |[(01 + s)dvil[(e2 + s)dy;]|, so that conservation of energy flux within 
the ray tube requires one to satisfy IE(P)PdAp = |Е(О)РаАо. It then follows 


immediately that 
EP) = BON os к) 


which is in agreement with (2). 

The field in (2) associated with the ray OP of Fig. 3 is referred to as an arbitrary 
ray optical field since 01 and о can be arbitrary. Also, the ray tube in Fig. 3 is 
commonly referred to as an astigmatic ray tube or a quadratic ray pencil because of 
the quadratic wavefront surface approximation at O which is employed in the 
stationary phase method to obtain the result in (2). It can be easily verified that 
plane, cylindrical, conical, and spherical wave fields are special cases of an arbitrary 
ray optical field, i.e., each of those wave fields is also a ray optical field. 


The Geometrical Optics Field 


(4) 


Geometrical optics (GO) is a high-frequency approximation which employs 
rays to describe the fields that are directly incident from the source, and to describe 
the fields which are reflected and refracted (or transmitted) at an interface between 
two different media. According to classical GO, the high-frequency electromagnetic 
field is assumed to propagate along ray paths which satisfy Fermat's principle, and 
the family of rays is everywhere orthogonal to the wavefronts in an isotropic 
medium. The ray paths are straight lines in a homogeneous medium, but they can 


х CENTRAL OR 


S s=|OP| AXIAL 12 


PT 5 


SURFACE SURFACE 
AREA dA, AREA dA, 


Techniques for.High-Frequency Problems 4-9 


change directions at an interface between two different media according to the 
well-known (Snell's) laws of reflection and refraction, which can be deduced from 
Fermat's principle. The amplitude variation of the classical GO field is obtained by 
requiring conservation of energy flux in an astigmatic ray tube associated with a 
central (or axial) ray as indicated previously with the aid of Fig. 3. These con- 
siderations lead to an expression identical with that in (4), as might be expected. 
The information on the field polarization (as being transverse to the ray) and on the 
wave nature of the field is then introduced heuristically in the classical GO 
approximation of (4) to arrive at a more complete expression for the GO field. The 
latter, more complete expression is found to be identical with that obtained in (2) 
via stationary phase considerations. Indeed, the surface 5' in Fig. 3 could be 
associated with any wavefront; thus, if 5" represents the wavefront of an incident or 
reflected type ray congruence, then (2) would represent the GO incident or 
reflected electric field, respectively. 

An alternative development for the GO field is based on an asymptotic high- 
frequency solution to Maxwell's equations in which the electromagnetic fields are 
expanded in inverse powers of the wave number k, as done by Luneberg and Kline 
[17,18]. The leading term in their expansion corresponds to the GO field. 
According to Luneberg and Kline the electric field E in a source-free, homo- 
geneous, isotropic medium can be expressed at high frequencies by 


E(r, k) ~ e У) У c. (5) 
п=0 V. 


in which г is the position vector of the field point. Substituting (5) into the vector 
Helmholtz equation satisfied by E, namely (V? + КОЈЕ = 0 (in which V^ is the 
Laplacian operator), leads to the usual eikonal and transport equations |Vy|? = 1 
апа [V?y + 2Vy-V]E, = —VE,-1 (with E-; = 0), respectively. The surfaces of 
constant у are defined as the wavefronts. Integrating the transport equation from 
some reference point ro to r for the п = 0 case yields the leading term in the 
Luneberg-Kline expansion as 


к) ~ Ero) (Eero (6) 


Е(го) = Ео(гоје MV” 


in which 


where E, implies E, for n = 0 in (5). The quantities 01, 02, and s in (6) have the 
same meaning as in Fig. 3, with r being the position vector of P and ro being the 
position vector of O. Furthermore, from the requirement У-Е(г) = 0 for source- 
free regions, one obtains $-E(r) = 0, which implies that E(r) in (6) is polarized 
transverse to the ray direction $ (see Fig. 3). It is thus evident that (6) is the same as 
(2). A Luneberg-Kline expansion for H yields 


H(r) ~ & x YoE(r) (7) 
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In (6) the distance s is measured as positive in the direction of ray propagation. 
The caustic distances ọ and o, are positive if the associated caustics at 1-2 and 3-4 
in Fig. 3 occur before the reference point O as one propagates along the ray; 
otherwise, they are negative. The positive branch of the square roots is chosen in 
(6). Therefore, if 0,2 < 0 and > —|g,|, or s > —|g,|, then a caustic is crossed at 
1-2 or 3-4 (see Fig. 3), respectively, and (02 + s) or (o, + s) changes sign within 
the square root of (6) so that a phase jump of л/2 results naturally in each case; 
namely,* 


e"? ifs > -la| for i = 1, 2 


The above result is consistent with (3), which is implied in (2). The GO field in (6) 
is therefore completely consistent with the expression in (2) which was obtained via 
the method of stationary phase. At a ray caustic, 5 = —|o;| for i = 1, 2, and the GO 
field in (6) and (2) becomes infinite. Consequently, the GO field representation 
fails at and near the GO ray caustics. 

For a perfectly conducting surface illuminated by a source (antenna), only the - 
fields directly incident from the source and the fields reflected by that surface in just 
the specular direction can be described by GO. These GO incident and reflected 
fields are discussed next for the two-dimensional (2-D) and three-dimensional 
(3-D) cases. 


The GO Incident Field (3-D Case)—The GO incident field is the field directly 
radiated by the source (antenna) to the observation point; this incident ray optical 
(or GO) field exists “in the presence of" the surface which it illuminates. Part of 
the GO incident ray system (or congruence) which strikes an impenetrable surface 
is blocked by that surface; as a result the surface creates a shadow region behind it 
where the incident rays cannot exist, and consequently GO predicts a zero field in 
the shadow zone! A shadow boundary is created naturally by the presence of the 
shadow region; this boundary divides the space surrounding the surface into the lit 
and shadow zones corresponding to regions where the source is directly visible and 
where it is not, respectively. In particular, there is an incident shadow boundary 
(ISB) for a perfectly conducting structure with an edge, such as a wedge as in 
Fig. 4a, and likewise there is a surface shadow boundary (SSB) associated with a 
smooth, perfectly conducting, convex surface as shown in Fig. 4b. Thus the GO 
incident field is truncated to zero at the incident shadow boundary (ISB or SSB) so 
that it vanishes within the shadow region of an obstacle illuminated by that field. 

If the incident wavefront is characterized by two different radii of curvature 0! 
and 05, then the GO incident field is given by (6) as 


E'(r) = E'(ro) (8) (58) Жий (8) 


oi + 5'/\о5 + 5' 


* Actually, if both caustics (at 1-2 and 3-4) are crossed, then a total phase jump of z/2 + л/2 = л 
results. 
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Fig. 4. Shadow boundaries ISB and SSB. (a) Incident shadow boundary. (b) Surface 
shadow boundary. 


where the superscript ; is employed to denote quantities associated with the 
incident ray as in Fig. 5. In the case of plane-wave illumination, 01 and o5 are 
infinite, so that (8) reduces to 


E/(r) = E'(ro)e 7“ (9) 


for a plane-wave incidence. Likewise, in the case of spherical-wave illumination for 
which oí = 05 = 0', and for which the reference point Ро in Fig. 5 is moved to the 
point caustic (so that o! — 0), it is seen that for a spherical-wave or point-source 
type illumination, (8) reduces to 


e jks’ 


Е!(г) = С! (10) 


si 
with 
С = lim o'E'(ro) 
Q0 
in which С! is related to the strength of the point source. The plane-wave and 
spherical-wave type of GO incident fields are illustrated in Fig. 6. | 
It is noted that the incident magnetic field H'(r) associated with E'(r) of (8) 
through (10) is simply given by 
H'(r) ~ Y,$' x E'(r) (11) 


The GO Incident Field (2-D Case)—In the case of cylindrical wave or 2-D line 
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Fig. 6. Plane-wave and cylindrical- or spherical-wave type GO incident fields. (a) Plane- 
wave GO incident field. (b) Cylindrical- or spherical-wave GO incident field. 


source illumination, one may let 01 — © in (8), and allow the reference point 
Po (at ro) in Fig. 5 be moved to the caustic 1—2 for convenience so that Q5 — 0, 
together with the condition that 


lim Vo5 E'(ro) = С! 
о;—>0 


where С' is finite and related to the strength of the line source. Incorporating this 
limit in (8) yields 


E'(r) = Ci = (12) 
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for a cylindrical wave or line source type illumination. 
The magnetic field H'(r) can be obtained from E'(r) ма (11). 


The GO Reflected Field (3-D Case)—When a family of rays incident from a source 
strike a perfectly conducting surface, they are transformed at the surface into a 
family of reflected rays as shown in Figs. 4a and 4b. Such a reflected ray congruence 
is discontinuous across the reflection shadow boundary (RSB) for the edge type 
structure shown in Fig. 4a; on the other hand, the incident and reflection shadow 
boundaries merge into the surface shadow boundary (SSB) for the convex surface 

, as shown in Fig. 4b. Furthermore, the GO reflected field vanishes at the SSB and 
also within the shadow region for the problem in Fig. 4b. The GO field associated 
with a reflected ray has the form indicated in (6). In particular, the electric field 
E'(r) associated with a GO reflected ray is given by 


[4 — к” 01 02 —jks" 
EP = PODY pris 2 


where the reference position Ок on the ray is chosen here to be at the point of 
reflection on the surface as shown in Fig. 7. The distances 01, 05, and s' are 
associated with the reflected гау from Ок to P. The reflected field E'(Qa) is related - 
to the incident field Е (Ок) at the point of reflection Ок by the boundary condition 


ах [Е (Оп) + Е(Ок)] = 0 (14) 


Fig. 7. Reflected-ray tube. 
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which requires the total tangential electric field to vanish on the perfectly con- 


ducting surface. In (14), f is the unit normal vector to the surface at Ок. Asa 
consequence of (14), the following relationship holds: 


E'(Qg) = В-Е (Ок) (15) 


where В denotes the dyadic surface reflection coefficient at Ор. 
Incorporating (15) into (13) yields 


: i = / Qi 02 ғ 
Е = Е! . 7 16 
(Р) (Ок) R о! + 5 05 + у е ( ) 


Likewise, the associated reflected magnetic field H'(P) is simply given by 
НТР) ~ Yos’ x ЕР) (17) 


The expression for R simplifies if one expresses the fields in terms of an appropriate 
set of unit vectors which are fixed in the incident and reflected rays. Thus, let ё Бе 
a unit vector transverse to 8' such that it lies in the plane of incidence defined by. 
and $' as in Fig. 8. It is noted that the reflected ray along $' also lies in the plane of 
incidence. Likewise, let êi be a unit vector in the plane of incidence but transverse 
to the reflected ray direction $' as in Fig. 8, and let é, be a unit vector perpendicular 
to the plane of incidence. The é, is then automatically transverse to the directions of 
incidence and reflection, respectively. In this ray coordinate system, 


R = јак, + ёё, R, (18) 


with К; = —1 and К; = +1. In matrix notation, R in (18) is equivalent to 


ек о] 
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or (16) is equivalent via (18) to 


| | А Ї ‘|| | 01 02 git 
E'(P) 0 —1 || EQ) | V (01 + 5705 + $) 


where Е(Ов) = Ei (Овје + Е(Ок)г, and E'(P) = Е{(Р)ё{ + E{(P)ê, in the гау 
coordinates of Fig. 8. 

The principal radii of curvature (01,05) and (01,05) of the incident and 
reflected wavefronts and their associated principal directions (1, X4) and (X1, X2) 
are given in [19], and (01,05) are expressed more compactly here as* 


1 1 f ( : (gore (1 3; 


012 ом 0,(Ок)сов0! Af? 


m о О к)со5 0' Ё ЗЕ cos 200 


LJ 


— sin2a, sin2o cos 0! 


Po Хор оу [око 
where К! 2 > 0 for a convex surface and К! < 0 for a concave surface, and 
uj = 0 + S cos] (19с) 


The quantities R, and R, constitute the principal radii of curvatures of the surface 
at Ок, and Ü, and 0, denote the corresponding principal surface directions at Ор. 
The quantity о, denotes the radius of curvature of the surface at Ок in the plane of 
incidence which contains $', ñ, and t, where t is tangent to the surface. Also, o, is 
the radius of curvature of the surface at Ок in the plane containing ñ and the bi- 
normal vector b. The unit vectors t, ñ, b, 0), and 0; are shown in Fig. 9a together 
with the angle wọ between t and Up. 

Note that wo corresponds to the angle between the plane of incidence and one 
of the principal surface directions (05) at the point of reflection. 

The principal directions (Хі, X5) of the incident wavefront and a, are shown in 
Fig. 9b. The angle of incidence Ө' is defined by й-8' = —cos Ө‘ = —й.:5". 

A matrix formulation to calculate (01, 05) is given in (20, 21, 22]; in particular, 
[20, 22] contain results for both reflected and transmitted ray caustics in the case of 
penetrable media. 


*The principal radii of curvature оё” = +\g¢’| for a diverging (converging) pair of adjacent rays. Here, 
€ = 1,2. 
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b 


Fig. 9. Geometry for description of wavefront reflected from a curved surface. (a) Showing 
unit vectors. (b) Showing principal directions. (After Sitka, Burnside, Chu, and Peters [27], 
(© 1983 IEEE) 


The incident spherical wavefront is commonly encountered; for this case it can 
be shown that 


n. (та 2 эө) 3 
cos0' V К, К, 


1 
012 


1 (= 0, sin an) __4 
с0$20' \ Р, R2 R,R; 


23 
t 


in which s' is the radius of curvature of the incident spherical wavefront at Ок, Ө, is 
the angle between $' and 0), and 0; is the angle between $' and 0;. 
It is easily verified that 


$120, = cos’wo + ѕіп2000с0520' 
sin?0; = ѕіп20% + cos*w cos?6! 


Thus a further simplification is possible in the case of spherical wave incidence if 
оо = 0 so that the preceding expressions for (01) ' and (05)! become 


1 , 2с050' 1 1 2 А 
Е Е ЕЕЕ ОС 
5' R ' 05 5 Ксо5б'' цах 


=a N 


It is noted that wọ = 0 implies that the plane of incidence is aligned with one of the 
principal directions (U2) on the surface at Од. 

Explicit results are given in (23] for the GO field reflected from an arbitrary 
surface due to an incident spherical wave. 

It is clear that the GO representation of (16) fails at caustics which are the 
intersection of the paraxial rays (associated with the ray tube or pencil) at the lines 
1-2 and 3-4 as shown in Figs. 5 and 7. On crossing a caustic in the direction of 
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propagation, (о + 5") changes sign under the radical in (16), and a phase jump 
of +л/2 results. Furthermore, the reflected field E" of (16) fails in the transition 
region adjacent to SSB of Fig. 4b. It is important to note that near the SSB (1.e., as 
0 — л/2), 01 and 05 of (19a) approach the following limiting values: 


oj (agere 2 +0 | (202) 
for 6‘ > л/2 
01 > 05 (20b) 
where 
Loi, = (sin^ag/oi) + (cos^aolo5) (21) 


and gi, is the radius of curvature of the incident wavefront in the (tb) plane (i.e., in 
the plane tangent to the surface) at Ок for 6‘ л/2. Furthermore, the principal 
directions X7 and X5 of the reflected wavefront approach the following values for 
grazing incidence: 


Х >66 (а Or) 


1 (22a) 
X5 = (-&' x X1) > а (at Ок) 


for 0‘ > л/2 

(22b) 

The limiting values in (22a) and (22b) are independent of ag. The total СО electric 

field ЕСО at P, in the lit region is the sum of the incident and reflected ray optical 
fields; hence 


i i ‚р / 01 02 — 5’ 
E9*(P,) ~ Е (Р,) +Е (Ок) R (о + 5")(05 + 5’) е " (23) 


In summary, it is noted that the GO incident and reflected fields are dis- 
continuous across their associated shadow boundaries, such as the ISB, RSB, and 
SSB in Figs. 4a and 4b. These GO field discontinuities cannot be removed by 
including additional terms in the Luneberg-Kline expansion, which loses validity 
when calculating the fields at and near such boundaries, even though these 
additional terms may be useful for improving the GO approximation elsewhere in 
the deep lit zone. The failure of GO to account for a proper nonzero field within the 
shadow region behind an impenetrable obstacle can be overcome through the GTD 
and its uniform versions, the UTD and UAT, which are discussed in Section 4. 
Nevertheless, GO generally yields the dominant contribution to the total high- 
frequency fields, and, as will be seen in Section 4, it constitutes the leading term in 
the GTD solution. 


The GO Reflected Field (2-D Case)—The GO reflected field E’(P,) for the 2-D 
case can be deduced directly from the 3-D case by allowing о" to approach infinity. 
Thus one may let o5 = о’ and от — o іп (16) to arrive at the 2-D reflected GO field 
E'(P,) as 
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E'(P1) = Е (О) (oe (24) 


in which the incident ray optical field Е'(Ор) is a cylindrical wave at Ор in the 2-р 
case, and the caustic distance 0" in (24) for the 2-D case is given by 


1 1 2 | 

e у * e,(Ou)eos 8" m 
where 6/ has the same meaning as before, and 5' is the radius of curvature of the 
incident cylindrical wavefront at Ор. If the cylindrical wave is produced by a 2-D 
line source, then 5' in (25) can be chosen to be the distance from that line source to 
the point Ор of reflection on the 2-D boundary. The quantity о,(Од) in (25) 
denotes the radius of curvature of the 2-D boundary at the point Ок of reflection. 


3. The Physical Optics Field 


The total electromagnetic field of a source (antenna) which radiates in the 
presence of a perfectly conducting surface as in Fig. 10 may be expressed as a 
superposition of the incident fields (E', Н”) and the fields (Е°, ^) which are 
scattered by the surface. The incident fields referred to above are chosen here to 
denote the electric and magnetic fields of the source which exist everywhere, i.e., 
they exist as if the scatterer was “absent”; this is unlike the GO incident field, 
which exists in the presence of the surface of the scatterer (and which hence 
becomes discontinuous at the ISB or SSB, as in Figs. 4a and 4b). The scattered 
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(E, Н) 


/ 
AK > 


т=хи+уу+22 АТР 
r' =x'x+y'ytz'z ОМ S 
x Е-Е-Е 

Н-Н-Н 

n AT r' 15 n' 

n = UNIT OUTWARD NORMAL VECTOR ТО $ 


Fig. 10. Geometry pertaining to a 3-D obstacle (surface 5) illuminated by an antenna. 
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fields in this case can be expressed in terms of the radiation integrals [12] over the 
actual currents induced on the surface 5 of the scatterer. These currents also radiate 
the scattered fields in the absence of the scatterer, i.e., these currents are now 
viewed as equivalent sources which are impressed over the mathematical boundary 
of $ but with the perfectly conducting scatterer removed. The medium internal and 
external to the mathematical surface $ in this equivalent problem is the same as that 
which exists external to 5 in the original problem. Such an equivalent configuration 
produces the same scattered fields as in the original problem outside the 
mathematical surface 5, whereas it produces scattered fields which exactly cancel 
the incident fields inside S (to yield a zero total field inside S). 

In the physical optics (PO) method, that radiation integral for the scattered 
field is calculated by employing a GO approximation for the currents induced on S, 
which is assumed to be electrically large; hence the PO method is also a high- 
frequency method. The PO approximation for the 3-D and 2-D cases is discussed 
below.* 


Three-Dimensional Case 


The total electric field E(r) at a point P exterior to S which may be evaluated in 
the near zone of S but not extremely close to S (in the problem of Fig. 10) is given 


by 
E(r) = E'(r) + Ек) (26a) 
where 
: А —jkR 
E'(r) = к | | ‚А x Ё x фр) -с (265) 


as in [12]. Likewise, the total magnetic field H(r) at P is 
H(r) = H'(r) + H'(r) (27a) 


where 


e *К 


H*(r) = X | | „А х dp.(r') ^g (27b) 


In (26) and (27) the source distribution dp, (r') at each point (r’) on S is given by 
dp,(r') = J,(r')dS' = à x H(r')as (28) 
The J,(r’) in (28) is the induced electric current density at r' on S, and dS’ is an 


elemental area of $ at r'. If P (at г) is extremely close to 5, then it is necessary to 
include additional terms which depend on R^? and R ? in the integrands of (26b) 


* Additional important comments on the PO method are given after the 3-D and 2-D cases are discussed. 
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and (27b) as indicated in [12]; these additional terms are neglected in the present 
development. If J,(r’) in (28) is approximated by its value JP? (r') as predicted by 
geometrical optics (GO), then 


2à' x Hi(r’) on the lit portion of 5 


Jr) = JPO(r') = | (29) 


0 on the shadowed portion of S 


Неге, E/ and H refer to the "incident" electric and magnetic fields which are 
produced by the source (antenna) in the *absence" of the surface S. If the above 
GO approximation of (29) is employed in (28), then the resulting E and H so 
obtained from (26b) and (27b) are defined as the physical optics (PO) fields ЕРО 
and НРО, respectively. Thus 


А ; Л n | —jkR 
ЕРО(р) = E/(r) + E | | R x R x ра x н as’ (30) 
л Зи R 
and 
ok | о gikR 
H?%(r) = Hi(r) + 7 | | R x ра x ну ds’ (31) 
л )1, ко, 


where $ in the integrals of (30) and (31) refers to the part of 5 which is directly 
illuminated by the source, i.e., to the area of only the lit portion of 5 in accordance 
with (29). Let Ebo and Hpo denote the integrals in (30) and (31); thus they denote 
the scattered fields based on the PO approximation. In the event that the obser- 
vation point P at (r) is in the far zone of 5, then В can be replaced by f, which can 
be removed outside the integrals of (30) and (31); furthermore, 


in the far zone as usual, and the e" /r can also be factored outside those integrals. 
In the far zone the scattered fields in (26), (27), (30), and (31) are related by 


Е(г) ~ -£ x Z)H'(r) 
H*(r) ~ Ух E'(r) (32) 


and 


Ebo(r) ~ -f x ZoHpo(r) 
Hbo(r) ~ Yot х Epo(r) 


(33) 


Two-Dimensional Case 


Next, consider the two-dimensional (2-D) geometry illustrated in Fig. 11, 
where a perfectly conducting scatterer bounded by a contour C is illuminated by a 
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Fig. 11. Geometry pertaining to a 2-D obstacle (boundary C) illuminated by a line source. 


2-D source. The total fields (E, H) exterior to the boundary C are given in a 
manner analogous to (26b) and (27b) as follows: 


E(o) = E'(o) + к | „А xR x 16)) HQY(kR) de’ (34) 
and 


H(o) = H'(o) – ї | , IR x ҮС HKR) aC (35) 


where В = о — 0' in the 2-D case, and Н (ЕК) corresponds to the cylindrical 
Hankel function of the second kind and of order zero. The argument of this Hankel 
function is KR = Ко — o'|. Following (26) and (27) for the 3-D case, the ex- 
pressions in (34) and (35) for the 2-D case are likewise valid if the observation point 
P (at о) is not too close to the boundary C. In the PO approximation the electric 
current density J(€’) = Ко’) іп (34) and (35) must be replaced by its GO 
approximation, 


кеу = 1996) = x H'(o') in the lit zone of C 


0 in shadowed zone of C 


as indicated previously in (29). With this GO approximation for J(€’) in (34) and 
(35), one obtains the total fields (ЕРО, НГО) based on PO for the 2-D problem of 
Fig. 11 as 
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ЕРО(о) = E'(o) + Еэ (Ё x Ê x [2à' x Н(0ЭрНӨ(КК)46” (36) 


Cj, 


and 


HP(@) = н(е) - | (pw x HEMMER)’ о 


in which Си refers to the lit portion of C, i.e., Су is that portion of C which is 
directly illuminated by the source. If the observation point is in the far zone of the 
scatterer, R may be replaced by 6, which can be removed outside the integrals in 
(36) and (37); furthermore, the Hankel function HẸ?(kR) in those integrals may be 
approximated by 


2 1 г, Ч . , 
нов) = A. “поене 


in the far-zone case. The quantity V2j/zko e 72 in the preceding far-zone ap- 
proximation can also be removed outside the integrals of (36) and (37). 

In general, the PO integrals in (30) and (31) [and also in (36) and (37)] must be 
evaluated numerically. If one can approximate the PO integral asymptotically via 
the method of stationary phase, then one obtains the GO reflected field which is 
associated with the stationary phase point on Si (or Си). In addition, there is a 
contribution to the integral arising from the boundary of Sj, (ог Су), and also from 
regions where Ј?О (or JSO) is discontinuous; the latter contribution can provide 
an approximate description for the fields diffracted by edged bodies which are 
otherwise smooth. The edge-diffracted fields given by PO are accurate only near 
the GO shadow boundary (or ISB and RSB directions in Fig. 4). Furthermore, the 
fields in the PO approximation do not satisfy reciprocity except in the direction of 
specular reflection [24]. The above limitations are to be anticipated from the GO 
current approximation inherent in the PO procedure. Thus the PO approximation 
is expected to be inaccurate in regions where the GO current does not produce the 
dominant scattering, e.g., for grazing angles of incidence, and for the fields in the 
deep shadow region behind S or C. It is noted that the truncation of the GO 
currents at the shadow boundary on 5 (i.e., at the boundary of Sj) is one of the 
main sources of error in the PO approximation. On the other hand, PO does yield 
useful estimates in directions where the GO currents produce the dominant con- 
tribution to the scattered fields, e.g., as in the calculation of the main beam and 
the first few side lobes of a parabolic reflector antenna. Also, unlike GO, the PO 
integral provides field values even in directions away from specular reflection. 
Furthermore, the GO field amplitude is independent of the wave number К, 
whereas the PO integral is dependent on К and it may therefore provide an 
improvement over GO. The PO approximation can be improved by including a 
diffraction correction to the GO currents as in the PTD procedure, which is 
described later in Section 6. It is important to recall once again that in the PO 
calculation described here, the incident fields (E^, H’) exist everywhere as if the 
scatterer were absent; this is in contrast to the GO calculation, in which the incident 
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fields are truncated at the incident shadow boundaries (ISB/SSB of Fig. 4) so that 
they vanish in the geometrical shadow region of the scatterer. 


4. The Geometrical Theory of Diffraction and Its Uniform Versions 


As pointed out in Section 1, the geometrical theory of diffraction (GTD) is a 
systematic extension of the ideas of GO in which diffracted rays are introduced via 
a generalization of Fermat's principle. While the GO rays exist only in the lit zone 
the diffracted rays, in general, enter into both the shadow as well as the lit zones. 

The total GTD field consists of a superposition of the GO (incident and re- 
flected) field and the field of all the diffracted rays which can reach the observation 
point. In particular, the total electric and magnetic fields as predicted by GTD are 
denoted here by EST? and НТО, respectively, and 


ЕСТЬ = ЕСО + Ej (38) 
нотр = НОО + Н“ (39) 


In (38) and (39) ће Е and H9? denote the GO component of the electric and 
magnetic fields; likewise, Ef and H refer to the corresponding diffracted-ray field 
components as given by Keller's GTD. The general form of E? and НЯ is discussed 
below. 


General Form of the GTD Diffracted-Ray Fields Ей and Hj 


It is appropriate to begin a discussion of diffracted-ray fields after summarizing 
the postulates on which the GTD is based, namely: 


(a) Diffraction, like reflection, is a local phenomenon at high frequencies. 

(b) The diffracted rays satisfy a generalized Fermat's principle. 

(c) Away from the point of diffraction the diffracted rays behave according to 
the laws of conventional geometrical optics (GO). 


It was mentioned in Section 1 that the initial value of the diffracted-ray field is 
given in terms of a diffraction coefficient in the GTD, and as a result of postulate 
a, the relevant diffraction coefficients can be found from the asymptotic solu- 
tions to simpler canonical problems which model the geometrical and electrical 
properties of the original configuration only in the local vicinity of the points of 
diffraction. 

As a result of postulate b, the rays diffracted from a line of discontinuity (e.g., 
an edge), as in Figs. 1 and 12, lie on a cone about the tangent to the line of 
discontinuity with a cone half-angle By, which is identical with the angle that the 
incident ray makes with that same tangent at the point of diffraction. Likewise, 
postulate b requires that an incident ray which grazes a smooth convex surface 
must launch rays which follow geodesic paths on that surface. As an additional 
consequence of postulate b, rays are shed along the forward tangents to each 
geodesic surface ray path, thereby giving rise to surface-diffracted rays as in Fig. 13. 
Thus the surface-ray field attenuates as it propagates due to the continual shedding 
of energy from the surface-ray field. The example in Fig. 13 illustrates the GO 
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Fig. 12. Diffracted-ray cone from a line of discontinuity. 
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Fig. 13. Rays associated with the reflection and diffraction from an impenetrable surface. 


incident and reflected rays as well as the edge- and surface-diffracted rays that can 
contribute to the total field at any exterior point when a source (antenna) radiates 
in the presence of an impenetrable structure consisting of an edge in an otherwise 
smooth convex body. It is shown in Fig. 13 that the incident ray at the edge can also 
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excite surface rays and, conversely, surface rays can diffract from the edge. 
Through postulate b, the diffracted-ray optical path length is an extremum— 
usually a minimum. As mentioned previously the total field is the sum of the fields 
of all the individual rays that reach an observation point. The contribution from 
multiply interacting rays is usually much weaker and may thus be ignorable in such 
cases. In some cases it may be sufficient to include second-order interactions if they 
are important in comparison with the remaining higher-order multiply interacting 
rays, whose effects may be negligible. More is said about these interactions in 
Chapter 20. Next, the general form of the GTD diffracted fields (EZ, HZ) associated 

, with the diffraction by edges, convex surfaces, and vertices will be obtained. 
However, the explicit forms of the various diffraction functions present in the 
expressions for these GTD diffracted fields will be indicated later in the second part 
of Section 4, which deals with the uniform versions of the GTD. 


GTD for Edges—Consider a perfectly conducting wedge which is illuminated by a 
source at О as shown in Fig. 14. The total electric field ЕСТО(р) at any point P 
exterior to the wedge is given by 


EGTP(p) = E99(P) + ЕКР) (40) 
where the GO field component ЕСО(Р) is given as 
ЕбО(Р) = E'(P)U; + E'(P)U, (41) 


in which the GO incident and reflected fields EŻ and Е’ exist only in the lit regions. 
The domains of existence of these incident and reflected GO fields are indicated by 
the step functions U; and U,, respectively. In the case of the wedge, U; and U, are 
defined by: 


1 КО<ф<л+ф' 
0 їл+ф'<ф<пл 


and 


7 1 носф<ел-ф 
r lo їл-ф <ф< пл 


The GO incident and reflected fields have been discussed previously in Section 2. 

The diffracted field ЕЯ(Р) (and likewise НХ) exists everywhere exterior to the 
wedge, i.e., for 0 < ф < пл. The diffracted rays lie on cones about the edge as 
in Figs. 12 and 14. Away from the edge, Е (Р) behaves as a ray optical (or GO) 
type field via Keller's postulate (c) above; the validity of this postulate can be 
observed directly via the discussion in Section 2, under “Тһе Ray Concept," 
by considering 5' (of Fig. 3) to be the wavefront associated with the edge- 
diffracted field (since 5' could represent any wavefront). Thus, from (2) one may 
write 
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ISB Р, 


Fig. 14. Rays associated with the problem of edge diffraction. (a) Incident, reflected, and 
diffracted rays. (b) Side view, for edge-diffracted ray. (c) Perspective view, for edge- 


diffracted ray. 
d d et о? iks! 
ЕР) ~ ЕЕ Р, ме ЖАН: 42а 
ЕРО ог о F шаг 


The diffracted-ray tube corresponding to (42) is shown in Fig. 15, where the 
superscript d on от, 05, 50, and s^ denotes that these quantities are associated with 
the diffracted-ray field component. In order to relate Е (Р) to the incident field at 
the point Ох of edge diffraction, one moves the reference Ро in Fig. 15 to the 
point Ок of diffraction on the edge (i.e., by letting of — 0) so that 


d 
ЕД(Р) = lim [VOZE PY] ./—-———82—— eiki 42b 
(Р) zm от EX( в)] (od T sd)(od + sd) ( ) 


Since Е (Р) is independent of the reference point Po, the above limit exists and 
one defines it as 
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(857 89) 


Fig. 15. Edge-diffracted ray tube. 


lim Vof EK(Po) = E(Qz)- De (43) 


where Dé = D/(9, $', Bo; К) is the dyadic edge-diffraction coefficient, which indi- 
cates how the energy is distributed in the diffracted field as a function of the angles 
ф, ф', and Во; the dyadic Dé also depends on п and the wave number К. From (42) 
and (43) one obtains 


EKP) ~ Е(Ов) DEG, 9^ Bo: Ю ai um e (44) 


. 4 = 
lim 05 = о. 
010 


where 


is the edge-diffracted ray caustic distance, and likewise 
lim sd = 5° 
04э0 


as shown in Fig. 15. The field ЕЯ(Р) is polarized transverse to the diffracted-ray 
direction 89 since EZ(P) is ray optical; thus the associated magnetic field can be 
expressed as 


Н (Р) ~ Yos" x EXP) (45) 
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In Fig. 15 Ок is one of the caustics of the edge-diffracted field. 

The D£ for the curved edge in a curved surface of Fig. 15 may be found from 
the asymptotic solutions to some canonical problems of EM diffraction by a wedge 
[25, 26]. The exact form of Dé will be indicated subsequently in the part of Section 4 
which deals with the more useful, uniform version of the GTD. 


стр for Convex Surfaces—The total GTD electric field ESTP exterior to a 
perfectly conducting convex surface in Fig. 16 which is excited by an incident wave 
is given (as in the case of edge diffraction) by 


E?*(P, = Е(Р,)0, | 
ЕСТО(р) = + E'(P;,)U,) + EZ(P,) if P = P, in the lit zone 


E4(P,) if P = Ps іп the shadow zone 


However, in the case of the convex surface in Fig. 16, ЕКР,) as predicted by 
Keller's GTD is zero in the lit zone. It is noted that О; and U, have the same 
meaning as in (41). For the convex surface the U; and U, can be defined by: 


ази) 1 in lit zone above SSB 
хиа 0 in shadow zone below SSB 


since the ISB and RSB merge into the SSB. Therefore, for the convex surface in 
Fig. 16 the above expression for ЕСТО becomes 


E'(P,) + E(P,) if P = P, in the lit zone 


4 | | (46) 
EZ(P;) if P = Py in the shadow zone 


Е°ТР( Р) = | 


The ray paths associated with E', Е”, and EZ have been discussed previously in 
Sections 1 (see Fig. 1) and 2. The surface shadow boundary (SSB) is an extension of 
the incident ray which grazes the surface at О’; it divides the exterior space into 
the lit and shadow zones. The explicit forms of E'(P,) and E'(P,) have been 
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\ 
INCIDENT 
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introduced earlier in Section 2, “The Geometrical Optics Field"; thus it remains 
only to consider the form of the diffracted-ray field. The field ЕС(Р,) can be 
expressed ray optically via Keller's postulate c (or by making use of the arguments 
indicated in Section 2, under “Тһе Ray Concept," which allow one to consider 5' of 
Fig. 3 to be the wavefront of the surface-diffracted ray from О» to Ps); therefore 


Е(Р,) becomes 
d d of ог ТЕҢ 
EXP) ~ ЕР) /——a 4.6 " 47 
KP) ~ BRP) У (ot X 5403 + sf) uL 


The usual distances 09, 05, sd, and 57 associated with а surface-diffracted ray tube 
corresponding to (47) are illustrated in Fig. 17. In order to relate Е (Ру) to the 
incident field at the point of grazing Qi, one moves the reference point Ро to the 
point Q, from where the surface-diffracted ray is shed tangentially to arrive at 
the point Ps. Since ЕФ( Ру) is independent of the reference point Ро, one may write 


d 
EPA = lim [О EZ(P)] ке 77 48 
«(Р5) bun ол Ex( o)] (07 + 5@)(о2 + sd (48) 


together with 


Jim Vof EEPO = (ОО, 096 om (49) 


so that (47) becomes 


i = —jkt 40.) 0; —jks" 
EZ(Ps) ~ E'(Q,)-T*(Qi, Q2)e 5 y dn(Q>) у s%(o, + 57) А (50) 


рӯ РОД 


Fig. 17. Surface-diffracted ray tube. 
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In arriving at (50), use is also made of the definitions 


lim 02 = o, and lim sd = 54 


10 040 


Іп (49) and (50) dy(Q,) and dn(Q>) refer to the widths of the surface-ray strip 
at О, and О», respectively, as illustrated in Fig. 17. Furthermore, the factor 
уат (О, уат( 0) e?" indicates a conservation of the energy flux in.the surface-ray 
strip from О, to О), in which e~ denotes the dominant phase delay along that 
surface ray path. However, since rays are shed along the forward tangents to the 
geodesic surface-ray paths to give rise to the surface-diffracted rays, energy is lost 
from the surface rays and the surface-ray field attenuates. Thus the dyadic transfer 
function T^(Q,, Q2) in (48) and (49) is introduced to indicate the launching of the 
surface-ray field at 0,, the attenuation of the surface-ray field between Q, and О», 
and also the amount of diffraction of the surface-ray field from О». The explicit 
form of T*(Q;, Q2) will be indicated subsequently in Section 4, under “Uniform 
Version of the GTD." The shadowed part of the surface in Fig. 16 is a caustic of the 
surface-diffracted rays. The diffracted-ray optical field Е (Ру) has an associated 
magnetic field HZ(Ps) given as usual by 


Hi(Ps) ~ Үд” x EZ(P;) (51) 


GTD for Vertices—A vertex is formed, for example, at the tip of a cone, the tip of 
a pyramid, or by the corner of a plane angular sector. From Keller's postulate a, an 
incident ray which strikes a perfectly conducting vertex produces a continuum of 
diffracted rays which emanate in all directions from the vertex as shown in Fig. 1f. 
One such vertex-diffracted ray to P is shown in Fig. 18. Using postulate c, as 
before, allows one to express the electric field ЕС(Р) diffracted by the corner (or 
vertex) as in (2) or (42а); thus, 


d d 0105 1 
ЕС(Р)-- ЕР) / —- 162 oksi 
ЧИНИО (of + 5008 + 58 


а 
а Qv о- ка 
~ Е (Ру) od " ае 2 (52) 


v 50 


since (01 = o) = 04 for a vertex as in Fig. 18. In order to relate Е (Р) of (52) to the 
incident field E'(Q,) at the corner or tip Q,, one defines 


m ое Е (Ру) = E'(Q,)-D, (53) 
e 


where D, = D, ($^, 8'; К) is the dyadic diffraction coefficient for a vertex or corner; it 
indicates the manner in which the energy in the field incident at Q, is distributed in 
the rays diffracted in all directions from the point Q,. This D, depends on the 
angles of incidence and diffraction, 8/ and 89, respectively, and also on the wave 
number k besides depending on the local geometry of the corner at Q,. The limit in 
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O (SOURCE) 


Fig. 18. Corner- or vertex-diffracted ray tube. 


(53) exists because EZ(P) in (52) is independent of the position of the reference 
point at Ро. From Fig. 18 it is evident that 

lim sé = 54 | 

02-20 
Using this information and (53) allows one to write (52) as 
—jks4 
54 


: (54) 


ЕР) ~ E'(Q,): D, (S, 8°, К) 


when о“ — 0. The vertex- or corner-diffracted ray optical field in (54) is polarized 
transverse to the ray direction 44 and, as before, the associated magnetic field 
НЕР) is given by 

НЕР) ~ Уб x ЕД (Р) (55) 


The point Q, is a caustic of the vertex-diffracted rays. Also, the total GTD field 
surrounding the vertex or corner is the sum of the GO field and the corner- 
diffracted field together with other diffracted fields (e.g. edge and/or surface dif- 
fracted components) depending on the nature of the surface containing the corner, 
as in (38). The explicit form of D, will be indicated later in the following section 
dealing with the uniform version of the GTD. 


Uniform Version of the СТО 


A uniform version of the GTD which is referred to as the uniform geometrical 
theory of diffraction, and which is abbreviated as UTD [4, 5], is described below for 


---2 
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analyzing the problems of electromagnetic diffraction by perfectly conducting 
edges, vertices, and convex surfaces. An alternative uniform theory of diffraction 
referred to as the UAT [6], which has been developed primarily for analyzing the 
problem of electromagnetic diffraction by an edge, is also described below. 
Both the UTD and UAT are “uniform” in the sense that, firstly, they overcome 
the failure of the GTD within the GO shadow boundary transition regions away 
from the point of diffraction and, secondly, they reduce automatically to the GTD 
exterior to these transition regions where the GTD becomes valid and accurate. 


UTD for Edges—Curved wedges occur as part of many practical antenna and 
scattering configurations, e.g., the edge of a reflector antenna, the bases of 
cylindrical and conical structures, and the trailing edges of wings and stabilizers. 
The UTD diffraction coefficients which are useful in the analysis of the radiation 
by antennas in the presence of such structures with edges are described below. 
Specifically, UTD diffraction coefficients are presented for both 3-D and 2-D 
curved wedge configurations which serve to locally model 3-D and 2-D structures 
with edges. Only field points exterior to the wedge are considered here. 

3-D Case—The total UTD electric field E(P) at a point exterior to a perfectly 
conducting wedge, which is illuminated by a source at O as in Fig. 14, is given 
according to UTD by 


E(P) = ES°(P) + E^(P) (56) 


The field ES°(P) is as defined earlier in (41). The UTD field E(P) in (56) remains 
valid even within the transition regions adjacent to the incident and reflection 
shadow boundaries (ISB and RSB of Fig. 4a), respectively, where the GTD fails. 
Furthermore, exterior to these transition regions, E(P) reduces automatically to 
ECT" (P) of (40), where the GTD becomes valid; i.e., the uniform edge-diffracted 
field E^(P) in (56) reduces properly to Keller's edge-diffracted field EZ(P) [in (40)] 
exterior to the transition regions. Since ЕСО(Р) has been described earlier in 
Section 2, under “Тһе Geometrical Optics Field," it only remains to give explicit 
expressions for the diffracted field Е“(Р) in (56). Firstly, the edge-diffracted field 
Е“(Р) is associated with the edge-diffracted rays of the GTD. If an incident ray 
strikes the edge obliquely, making an angle f with the unit vector ё which is 
tangent to the edge at the point of diffraction, then the diffracted rays lie on a 
Keller cone whose half-angle is By = у (law of edge diffraction) as shown in 
Figs. 12, 14, and 15. Secondly, the UTD expression for E“(P) associated with an 
edge-diffracted ray can also be expressed in the format of the GTD as in (44) for 
Е@ (Р); in particular, 


E“(P) = ВО B.(9. Фо; а уе“ (57) 


Thus the GTD dyadic edge-diffraction coefficient Dé in (44) is replaced with the 
uniform dyadic edge-diffraction coefficient D, in the UTD expression of (57) for 
the edge-diffracted field. In addition, the UTD dyadic edge-diffraction coefficient 
D, can be expressed conveniently in terms of unit vectors fixed in the incident and 
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diffracted rays as follows.* Note that the Keller cone is defined by the law of edge 
diffraction, 8-6 = 82.6, which results from Keller's generalization of Fermat's 
principle (Section 4, under «General Form of the GTD Diffracted-Ray Fields E? 
and H2"). Let the incident-ray direction $ and ё define ап edge-fixed plane of 
incidence; likewise, let the direction of the diffracted ray $^ and ё define an edge- 
fixed plane of diffraction. The unit vectors Bo and во are parallel to the edge-fixed 
plane of incidence and diffraction, respectively, and 


= x (58a) 
б=5хф (58b) 


as shown in Fig. 19a. Here, ф' and ф point in the direction of increasing angles ф' 
and ф, respectively, which indicate the azimuthal (or circumferential) angular 
coordinates of the incident and diffracted rays about the edge tangent é as 
illustrated in Fig. 19b. The field ЕР) can now be expressed invariantly in terms of 
these triads of unit vectors (8', В,,ф) and (87, Bo, ф), respectively, which are 
fixed in the incident and diffracted rays. In this ray coordinate system [25, 26] one 


may write 


ЕР) = ЬЕ + $E; (59а) 


E; 
PLANE OF 
DIFFRACTION 
(82, e) 
EDGE-FIXED 
PLANE OF 
INCIDENCE 
(s', e) 
EDGE PLANE PERPENDICULAR TO e AT Qc 
a b 


Fig. 19. Edge-fixed planes of incidence and diffraction. (a) Planes of incidence and 
diffraction. (b) Angular coordinates about é. (After Kouyoumjian and Pathak [26], (©) 1974 
IEEE) 


*The main difference between D. and Dé is that the former is range dependent, whereas the latter is 
not. As a result, the expression in (57) is not strictly ray optical within the shadow boundary transition 
regions; outside these regions, (57) reduces to (44), as shown later. 
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Е (О) = ЊЕ; + Ф E; (59b) 
with 
р, ын -fó fo D.s mi $'$D,, (59c) 
А matrix representation for (57) using (59а)—(59с) is given by 
Еў, ЈЕ — Des 0 Ej. Oe — №59 
81:14” -а.Ї аха ө 
in which [5,26] 
ојл + oA! € 
Desen ($, $^; Bo) = TP ETT E (9 —22) F[kL'a*($ — 9')] 
* cot (=e) F[kL'a (6 — $’) 
+ [со (ere Ф 5 2) F[kL'"a*($ + 9')] 
+ cot (=e) F[kL'?a-($ + 21 (61) 


where the asymptotic large parameter kL is required to be sufficiently large 
(generally greater than 3) and 


a*(B) = aeos (27 — В) (62a) 
in which N* are the integers which most nearly satisfy the equation 
2nnN* — В = +n (62b) 
with 
B= ot¢’ (62c) 


In (61) [and (62a, 62b)] n defines the exterior wedge angle as in Fig. 19b; hence 
n = 2 for a half-plane, and n = 3/2 for an exterior right-angle wedge, etc. The two 
faces of the wedge are thus referred to as the “о” face at ф = 0 and the “n” face at 
ф = пл, respectively, as in Fig. 19b. 

For exterior edge diffraction, № = Oor 1, and N^ = —1, 0, or 1. The values of 
№ at the shadow and reflection boundaries as well as their associated transition 
regions are given in Table 1 for exterior wedge angles (1 « n « 2). 
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Table 1. Values of N for Exterior Wedge Angles 


The Cotangent Is Value of N 
Singular When at the Boundary 
ar ф-ф — л, ап SB № = 0 
cot ын Surface ф = 015 shadowed 
E -(ф- ын ф= ф +л, ап SB № = 0 
2п Surface ф = nz is shadowed 
| [2 + (ф + ын ф = (2n – 1)л – ф',ап КВ № = 1 
2п Reflection from surface ф = nz 
со 1-22] ф=л-ф’, ап ВВ № = 1 
2п Reflection from surface ф = 0 


For а point-source (or spherical-wave) type illumination the distance param- 
eter L' is 
i s 54 > 
L'- 712 ял бо (63) 


in which 5' and s are the distances from the point of edge diffraction at О to the 
source and observation points, respectively. Only for a straight wedge with planar , 
faces that is illuminated by a point source does 


i od 


179 = L” = Li = 54 ѕіп2В0 


s + 


as in (63). In the case of ап arbitrary ray-optical type of illumination which is 
characterized by two distinct principal wavefront radii of curvature, oj and o5, the 
above L/ must be modified as shown below in the general expressions for L'? and 
L' pertaining to a curved wedge; thus 


s^(o. + eism Бо | 

pe Е 64a 
оо + Aloh + s") ise m) 
ар ғ Ах rA ein 
8“(0, + s^)oioosin 2 

17 = ee Ne 64b 
001 + s^)(o5 + 89) | взв (64b) 


Here, L'? and L'" are the values of L” associated with the o and n faces of the 
wedge, respectively. Furthermore, о; is given by 


Їл... 1 ВЭ 2(й-й,„)($'-й) 


RE 


о: бе а зїп“ ere) 


Also о, in (57) is given by 
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1 _ 1 fi,-($' = 8^) 
== 


29 Qe a ѕіп280 (63b) 


The unit vector й is defined in Fig. 19b, whereas ñ, is a unit vector normal to the 
edge which is directed away from the center of edge curvature at ОЕ. The radius of 
edge curvature is denoted by a in (65). The term o! is the radius of curvature of the 
incident wavefront at Ок which lies in the edge-fixed plane of incidence. In the far 
zone when s^ >> 012, s^ >> 01, and s^ >> ọ,, then ће L’ and L’ in (64a) and 
(64b) simplify to L = (010; sin? Во)/о, in which the appropriate superscripts on L, 
01, and o; are omitted for convenience. It is noted that L/ and L” in (64a) and 
(64b) are calculated on the appropriate shadow boundaries. The transition function 
F which appears in (61) contains a Fresnel integral; it is defined by 


F(x) = 2jyx еі | бас (66) 
A plot of the above F(x) is illustrated in Fig. 30. In (66), Vx = |Vx| if x > 0 and 
Ух = —jlVx| if x < 0. If < 0, then Ех) = F*(|x|) where * denotes the 
complex conjugate. Exterior to the ISB and RSB transition regions, x becomes 
large and F(x) — 1 so that the uniform D,, ., in (61) then reduces to Keller's form 
[1] as it should; namely, 


Е(Р) — Е Р), outside the transition region, or 


р, -» р“, outside the transition region, where 


Dé = -Ё BoD‘, -ф'ф D$, (67) 
i " E e 77^ ѕіп(л/п) | 1 
Рез en (ф,ф , Во) пУ2лЕ sin Bo соѕ(л/п) a со8|(ф Ра ФУт 
2 1 | (68) 
+ —————————— 
cos(z/n) - соз[(ф + ФЭУп| 


Note that DE i in (68) becomes singular at the shadow boundaries ISB 
(ф — ф = л) and RSB (ф + ф' = л) for the o face. On the other hand, Desen in 
(61) is well behaved at these shadow boundaries. Indeed, at these (ISB and RSB) 
boundaries the small-argument approximation for F(x) may be employed (since 
x = 0 on the ISB and RSB), namely, one may insert 


F(x) > Улх pier) (69) 
into (61) to arrive at the following result: 


E‘lisp:rsp = + ; E/" + continuous higher-order terms in К, 


on just the lit side of ISB;RSB (70) 
on just the shadow side of ISB;RSB 
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The above result in (70) ensures the continuity of the total high-frequency field in 
(56) at the ISB and RSB. The field contributions arising from the edge-excited 
“surface-diffracted rays" are not included in (56); these may be important for 
observation points close to the surface shadow boundaries (SSB) associated with 
the tangents to the o and n faces of a curved wedge at Ок if the о and n faces аге 
convex boundaries. The result in (56) and (57) together with (61) is valid away from 
any diffracted-ray caustics and away from the edge caustic at Ок. 

In the case of grazing angles of incidence on a wedge with planar faces, 

, Des = 0, and Den must be replaced by (1/2) Den- The reason for the factor 1/2 in the 

latter case may be argued as follows. The incident and reflected GO fields tend to 
combine into a single “total incident field" as one approaches grazing angles of 
incidence; consequently, only half of this “total field" illuminating the edge at 
grazing constitutes the incident GO field, while the other half constitutes the 
reflected GO field. The case of grazing angles of incidence at an edge on a curved 
surface cannot be handled as easily as the case of a wedge with planar faces. In 
fact, work needs to be done to extend the UTD to grazing angles of incidence on 
a curved surface forming the wedge; at present one can only treat angles of in- 
cidence that are greater than [2/ko,(Qz)]'^, where o,(Qz) is the radius of cur- 
vature of the surface in the direction of the incident ray at the point Ок of edge 
diffraction. 

Under the above restrictions the general result in (61) for Desen simplifies in 
the case of a plane or curved screen (n — 2 case) to 


" " —e 4 ф EN ф' : ; 
Des (o. Ф , Во) ~ 2У2лЕ sin Во {seo( 2 ) Flee а(ф КЕ ф )] 


+ sec (£ 3E F[kL'a($ + 2 


where а(В) = 2сов2(0/2) and L'" are as in (64a, 64b) with the understanding that L" 
is evaluated at the RSB corresponding to the face which is illuminated; hence the 
superscripts o and n in L' are dropped for this n — 2 case. 

2.D Case—As in the 3-D case the total electric field E(P) at a point exterior to 
a 2-D perfectly conducting wedge illuminated by a 2-D line source is described by 
(56) in which the GO field ЕСС(Р, ) is given by (41), and Е‘ and Е’ are found via 
(12) and (24). The 2-D edge-diffracted field Е“(Р) can be obtained from (57) by 
allowing o, to approach infinity and by requiring Во = 2/2; thus, for the 2-D case, 


—jks* 


EXP) = Е(ОЕ)-Б.(ф, ¢', 7/2; k) ES (71) 


The D, in (71) for the 2-D case is available from (59c) and (61), with Во = л/2 (or 
sin Во = 1). Also, L' for the 2-D case is as in (63), with Во = 2/2; in particular, 


i d 
ў 55 


(72) 


an 


Likewise, 17 is obtained from (64b), with Во = z/2,0, — ©, 05 = о" [as in (24)], 
and о; — ©; therefore, in the 2-D case, 
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rod 
r 05 
кела (9) 


Note that о” in (73) is the same as the one in (24); however, g” is in general different 
for the o and n faces of the wedge, with L”? and L'" denoting the values of L” for 
these two different faces. While the expression for L' in (64b) is fixed to its value on 
the RSB for convenience [26], the one in (73) can be evaluated as a function of the 
observation point with almost the same ease as if one had approximated the value 
of L' by its value at the RSB. The values of L' and L’ in (64a) and (64b) involve 
several quantities for the general 3-D case, and since these parameters L' and L' 
are slowly varying within the ISB and RSB transition regions, it is therefore 
convenient in the 3-D case to approximately fix their values to those at the ISB and 
RSB, respectively, as done in (64a) and (64b). Outside their respective transition 
regions, kL‘a' and KL” а” and К1/?а”? become large anyway so that F(kLia') > 1 
and F(kL'"a") — 1 and ЕАГ/”а”) — 1, unaffected by the aforementioned 
approximations. 

The comments under (70) pertaining to grazing angles of incidence on a wedge 
also apply to the 2-D case. 


Slope Diffraction by Edges Based on UTD— The UTD results for the edge- 
diffracted field ЕР) in (57) and (71) for the 3-D and 2-D cases are accurate if the 
incident field E'(Qz) in those expressions exhibits a slow spatial variation (in its 
amplitude but not necessarily in its phase along the incident ray) at Ок. If the field 
Е (ОБ) is not slowly varying, then a higher-order term, referred to as the slope 
diffraction term, must be added to (57) and (71), respectively, as indicated in [4, 5]. 
This slope diffraction contribution pertaining to 3-D and 2-D cases is given below. 

3-D Case—The UTD edge-diffracted field E^ produced by a rapidly varying 
field E'(Qz) which is incident on a wedge may be expressed as 


E“(P) = ЕР) + Е“(Р) (74) 
in which Е“(Р) is as in (57) for the 3-D case, and Е“(Р) is the additional higher- 
order slope diffraction contribution. The total UTD field exterior to the wedge is as 
usual given by 

E(P) = E'(P)U; + Е(Р)О, + E“(P) (75) 
The field E°“(P) in (74) may be expressed as in (59a) by 

E“(P) = B, EX + ф EY (76) 

where 


ЭЕ}, 237 


Ej -d 01| дп -d 0 || an’ 
d = У i T 7 Qe —jks" 
Еф 0 -d' 9E, 0 —di, дЕ. 54(0, + 89) е 


дп! дп’ (77) 
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following the matrix notation of (60). In (77) 


di = "au АСЕ ын 5 ЕЦДК12а“ (873) 


- (7 2 > вам?) | (78) 


and 


гүн ED [n | (E terna y 


Е se(? = ) кита?) (79) 
with В* = ф + $', and а (В) as in (62a). Also, 
and 
F(x) = 2jx[1 – F(x)] (81) 


with F(x) as in (66). | 

The terms within the curly braces in (78) and (79) are the ф' derivatives of 
those present in Desen of (61). The partial derivative д/дп' in (77) is evaluated at Ор 
and й = 0, $', where Qi as the radius of curvature of the incident wavefront in 
the $' direction. For a point source, 0%’ = s'(Qz), where 5,(0к) is simply the 
distance from the point Ок of edge diffraction to the source point. The terms 
involving d' in the first matrix on the right-hand side of (77) ensure that the slope of 
the total field is continuous across the ISB, in addition to the total field being 
continuous there. The continuity of the total field is already ensured by the term Е 
іп (74), as discussed previously. If the field Е! exhibited a null in the direction of 
incidence at Ок, then E^ of (57) would vanish [since Е“ is proportional to E'(Qz)]; 
in this special case the higher-order slope diffraction term Е? becomes the main 
contributor to the edge-diffracted field. The terms involving 4 are also important 
near the ISB if the incident field has a pattern which varies rapidly near Ок. 
Likewise, the terms involving 4; т the second matrix on the right-hand side of 
(77) are important at and near the RSB, where they ensure that the slope of the 
total field is continuous there. In order to evaluate these terms invoiving d; , in 
(77), the reflected field E" may be expressed for convenience as in (59b) by 


E' = f; Eg; + $ ES; (82) 


so as to view the reflected field Е” as being “incident” from virtual or image space. 
The direction of incidence from image space is of course $. Then В, and ф, may be 


\ 
| 


[v E 
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given the same meaning with respect to 8” (the и of incidence from image 
space) as В. and ф' have with respect to $ ‘ Thus Ê! = $' x ф', and n” = = оу „ф'. (for 
evaluating д/дп") in which 06, is the radius of curvature м the reflected wavefront in 
the direction ф’, etc. In the case of a very blunt wedge for which the RSB 
corresponding to the two faces may be close, the results in (77)-(79) must be 
appropriately modified; that modification is not given here. 

In the special case of a half-plane illuminated at the edge by a rapidly varying 
spherical wave, (77) simplifies to 


— Fi, нэ 
Еа -а 0 дп' Во | 
eI Ped (83) 
E% 0 –а,|| д Ei, s“(o, + s^) 
дп' 


4. = ei {se 
597 AVanksin By (с08:(87/2) 
i sin(B*/2) 
~ cos?(B*/2) 


where 
F,[2kL'cos?(B /2)] 
F,[2kL'cos^(B "ay (84) 


in which L' = 17 as given previously in (63). 

The UTD result in (75) is valid only if E' is a ray optical field. If Е! is not a ray 
optical field, then one may have to decompose it into its ray optical components so 
that (74) can be employed to each of these incident-ray optical components, and 
these results may then be superposed. For example, if one is dealing with a large 
discrete antenna array near Ор, then the near field of this array may not be ray 
optical at Ок; however, each element of that array could still yield a ray optical 
field at Ок. Likewise, а large-aperture antenna near О can be quantized so that 
each quantized source in the aperture could yield a ray optical field at Ок. 

2-D Case—The results in (77) for the 3-D case can be reduced directly to treat 
the corresponding 2-D situation by requiring By = л/2 and о, > с, etc., exactly 
as done earlier to obtain (71) from (57). Thus, for the 2-D case the factor 
Voes (Qe + 54) in (77) is replaced by 1/Vs¢. Also, the result in (84) for the special 
case of a half-plane illuminated at the edge by a rapidly varying spherical wave can 
be employed to deal with rapidly varying cylindrical- and plane-wave illumination if 
Во = 2/2 and о. — © in (84), and if s' — © for the case of an incident plane wave. 


UAT for Edges—From the preceding discussions one may recall that the GTD 
solution for edge diffraction is expressed as ЕӨТР = ЕСО + E? [see (40)], while the 
corresponding UTD solution [3,4] is expressed as E = ЕСО + ЕС [see (56)]. It is 
therefore evident that E? in the СТО solution is replaced by E^ in the UTD, 
whereas the ESO present in the GTD solution is left unchanged in the UTD. Also, 
as noted earlier, EZ in the СТО solution for edge diffraction becomes singular at 
the GO shadow boundaries (ISB and RSB) and it is therefore not valid within the 
transition regions adjacent to these boundaries; оп the other hand, the Е in the 
corresponding UTD solution is bounded and it properly compensates for the 
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discontinuities of ЕСО (at ISB and RSB) to yield a total field which is continuous 
everywhere away from the edge and other diffracted-ray caustics. Consequently the 
UTD overcomes the failure of the GTD within the GO shadow boundary transi- 
tion regions; furthermore, outside these transition regions, E^ of the UTD 
reduces automatically to EZ of the GTD so that the total UTD solution in (56) 
also reduces uniformly to the GTD solution in (40), where the latter is valid and 
accurate. 

In an alternative solution based on the uniform asymptotic theory (UAT).for 
edge diffraction [6], the total field E exterior to a perfectly conducting wedge is 
expressed as 


Е = ЕС + = (іп ће UAT) (85) 


in which EO? of the СТР is modified to ES in the UAT, while Ей is left unchanged. 
The field ЕС in the UAT now contains the necessary Fresnel integrals to ensure the 
uniform nature of E in (85), just as E^ contains those Fresnel integrals in the F type 
transition functions of the UTD solution of (60) and (61). Thus, exterior to the GO 
shadow boundary transition regions, ЁС reduces automatically to E99, thereby 
allowing E of the UAT to also reduce properly to EST outside those transition 
regions. 

Since EZ is as defined previously in (44) [together with (67) and (68)], it is only 
necessary to define the remaining quantity ЕС in the UAT expression of (85). In 
particular, 


E9(P) = (f(&) — FENE P) + (FE) — ИЕЛЕХР) (86) 


where Е'(Р) represents the unperturbed “incident” field which exists in the absence 
of the wedge; in contrast, the GO incident field E'U; [see (41)] exists only in the lit 
zone. Likewise, E'(P) in (86) is interpreted here as the unperturbed "reflected" 
field which is incident from “image space." The E” plays the same role as E' (as 
opposed to the truncated GO reflected field E'U,). It is important to note that E' 
and Е” in the UAT expression for ЕС in (86) are not discontinuous at the ISB and 
RSB, respectively, whereas ће E'U; and E'U, in E^? [see (41)] are of course dis- 
continuous there as explicitly indicated by the step functions U; and U,. It is quite 
easily seen that E' in (86) is a continuous vector field since it exists as if the wedge 
were absent. On the other hand, E" is the field reflected from the o or the n face of 
the wedge which is illuminated by E'; consequently it is necessary to construct a 
smooth extension of Е” beyond the edge of the illuminated surface of the wedge to 
ensure that Е” does not become discontinuous across the RSB. For the wedge in 
Fig. 19b, if the o face alone is illuminated, this face is extended smoothly past the 
edge into a surface o from which Е! continues to be reflected to yield an E" past the 
edge. The same arguments apply if the n face alone is illuminated, in which case 
the surface n is constructed as a smooth extension of the n face past the edge. If 
both faces of the wedge are illuminated, then (86) should be replaced by 


ЕОР) = [f(&) — КЕЛЕХР) + (£7?) — /(&°)]Е?(Р) 
+ [Л(=”) - f("?)IE"() (87) 
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where = and £"" are the values of E pertaining to the o and n faces of the wedge, 
respectively, and Е” and E" likewise refer to the values of Е” for these two faces 
(and their smooth extensions). 

The function f(£") in (86) is defined by 


fe = t era (89) 


and f (£') represents the first term in the large-argument approximation of f(£*"), 
namely, 


202 e)" opin 
fen = зрте (89) 
The £'/" are referred to as the detour parameters defined by 
£P) = #(РЈУДУКР) + (Qe) - ғ (Р) (90) 
and 
E(P) = Є(РДҮЦУ(Р) + (02) — s(Qa) — У(РЈ (91) 
where the s (P), 5(Р), and s'(P) are the distances 57, 5, and 57 to the observation 


point P as defined previously. Also, У(Од) and «(Оь) are the values of s! at the 
point of reflection Ок, and the point of edge diffraction Ок as in Fig. 20. 


| +1 if P is on the shadow side of the ISB 
є(Р) = eee ae (92) 
-1 if P is on the lit side of the ISB 
and 
+1 if P is on the shadow side of the RSB 
Е(Р) = MG ioe (93) 
—1 if P is on the lit side of the RSB 


In the UTD solution for the field in the presence of a wedge expressed as 
Е = ЕСО + E^ [see (56)], both ЕСО and ЕС are finite everywhere (except at caustics 
and the edge) including the ISB and RSB, and hence Е is also finite there as 
indicated previously. In contrast, EZ in the UAT solution of (85) becomes singular 
at the ISB and RSB; however, ЕС in (85) also becomes singular at these shadow 
boundaries such that it exactly cancels the singularity in EZ, thereby keeping the 
total UAT solution in (85) finite and continuous at these boundaries. Like the UTD 
the UAT edge-diffraction solution is also valid away from the edge and ray caustics. 
Care must be exercised in evaluating the UAT field of (85) in the vicinity of the 
image sources [i.e., the virtual sources or caustics of Е' in (86)]; otherwise a 
spurious singularity may result at those points. Note that the general form in (85) is 
valid for both 3-D and 2-D cases. The Ей in (85) is given by (44) and (67) in the 3-D 
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Fig. 20. Path lengths in the calculation of the detour parameters. (a) Calculation of =(Р). 
(b) Calculation of ғ'(Р). 


case; whereas Vos (o. + 59) in (44) is replaced by 1/Vs4 for Ez in the 2-D case 
(since о, — © in the 2-D case), just as (71) is obtained from (57) for the 2-D 
situation in evaluating E^ of the UTD. 

Explicit results are given in [23] for the UAT solution to the problem of the 
diffraction by an arbitrary smooth surface bounded by an arbitrary smooth edge. 


UTD for Vertices—A vertex or a corner can be formed by the truncation of an 
edge. Figs. 21a and 21b illustrate a corner formed by the truncation of edges in 
planar as well as nonplanar geometries. An empirical UTD corner-diffraction 
solution proposed in [27] is described below. The general form of the corner- 
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diffracted field was discussed under “СТО for Vertices" in Section 4. Even though 
the present corner-diffraction coefficient is still in its development stages, it has 
been shown to be very successful in predicting the fields diffracted by a corner fora 
number of plate structures. 

In its present form the total UTD corner-diffracted field is the sum of the 
corner-diffracted fields associated with each of the edges which terminate at that 
corner. For example, in the case of a cube there are always three edges which 
terminate to form every vertex or corner of that cube; hence the field diffracted by 
each corner or vertex of a cube is a superposition of the corner-diffracted fields 
associated with every one of the three edges which terminate into that corner. 

For simplicity, consider the geometry of Fig. 21a, which consists of a right- 
angled corner in a perfectly conducting planar screen. The corner-diffracted 
electric field E^ associated with only one of the two edges of the geometry in Fig. 
21a, when the illumination is due to a spherical wave (or point source), may be 
expressed as 


Е& = Ej. б» + Еф (94) 


E] [-0 0 TPE y бб s) е 
= : тс! ” (95) 
Е; 0 -р]|к„]|уз@ +) s s 


as in (60) for edge diffraction,* except for the additional factor Vs(s + 5‹)/5с, and the 
corner-diffraction coefficient D$ ,, which is given by 


in which 


z 
4 SOURCE 
POINT 


SOURCE 


RECEIVER ^^ GEOMETRIC EXTENSION RECEIVER 
POINT OF THE EDGE 


Fig. 21. Geometry for corner-diffraction problem. (a) Corner in a planar surface. 


(b) Corner in a nonplanar surface. (After Sitka, Burnside, Chu, and Peters [27], © 1983 
IEEE) 


*The incident field in (95) is evaluated at Q.. Moreover, the corner-diffracted field in (94) and (95) is in 
terms of д, and ф associated with the ray reaching the receiver from О. (see Fig. 21). 
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2 e In^ Vsin Ве sin Вос 
sh = С, n(Qe) 22 
ү?лК cos Вос — cos Ве 


For the case of a corner in a planar geometry as in Fig. 21a, С, „(Ок) simplifies to 


—е in^ Mm F| kLa(B )/2x | 


F[|kL.a(z + Bo. - Во] (96) 


Со) = теча, | cos(B-72) | LkLza(x + во. — B) 
_ F{kLa(B*)] kLa(B* 2n 
соз(8*/2) |" Lacs 7 5) | en 
where 
a(y) = 2cos^(y/2) (98) 


Note that Е in (97) is the same as in (66) and 8" = ф + $' is as in (62c). In 
addition, | 


1, = Gor i во (99а) 
апа 
SS 
Lo. 5 (99b) 


for spherical-wave incidence. Since the corner in Fig. 21a is formed by the 
intersection of two edges, a corner-diffracted field contribution of the type in 
(95) and (96), which is associated with the other edge, must also be included; it is 
found in a similar fashion. The total UTD corner-diffracted field ensures the con- 
tinuity of the total high-frequency field across the edge-diffraction shadow boun- 
dary (Fig. 22), where the edge-diffracted field becomes discontinuous past the 
corner. 

Note that the corner-diffracted field should be added to any edge-diffracted 
and geometrical optics field components which can exist at a given observation 
point. In Fig. 22 only one edge-diffracted field component due to diffraction from 
QU? on edge (b) contributes, because the diffraction from О? on the geometric 
extension of edge (a) past the corner does not fall within the physical limits of that 
edge. Another situation is shown in Fig. 23, where both Qf? and ОС? lie on their 
edge extensions; therefore no edge-diffracted field component is present. Fig. 24 
shows the case where edge- and corner-diffracted fields from both edges are 
incident on the observation point or the receiver. 

In order to treat corners formed by the truncation of nonplanar edged 
structures as in Fig. 21b, it is necessary only to generalize the С, „(Оғ) and L. for 
a planar corner in (97) and (99b). Such a generalization of C, „(Ок) and Le for any 
one of the edges terminating into a vertex in a nonplanar geometry with 
spherical-wave illumination is given by 
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Fig. 22. Case where only one edge-diffracted field and both corner fields are received. 
(After Sitka, Burnside, Chu, and Peters [27], (С) 1983 IEEE) 
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Fig. 23. Case where only corner fields are received. (After Sitka, Burnside, Chu, and Peters 
[27], © 1983 IEEE) 
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Fig. 24. Case where all edge- and corner-diffracted fields are received. (After Sitka, 
Burnside, Chu, and Peters [27], © 1983 IEEE) 
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1 1 й,-(8. — 8) 
— a ы 101Ь 
o. 000) асар sin. (1015) 


and а“(8) and а(ф) are as defined in (62a) and (98), respectively. 
The usefulness of the present UTD corner-diffraction coefficient is illustrated 


in Figs. 25a and 25b. 
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Fig. 25. Comparison of measured and calculated E, radiation pattern for a dipole near a 
box in the indicated plane. 
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UTD for Analyzing Problems of the Radiation by Antennas Either On or Off a 
Smooth, Perfectly Conducting, Convex Surface— The UTD solutions to the 
problems associated with the prediction of high-frequency radiation from sources 
which are located either near or directly on smooth convex surfaces are useful in 
analyzing a variety of antenna problems. For example, these solutions are useful 
for the following problems: (a) in predicting the scattering from the smooth convex 
portions of an aircraft fuselage, a ship mast, or a satellite shape, which is 
illuminated by a nearby antenna (that is located on some other parts of thése 
structures); and (b) in predicting the radiation patterns of conformal antennas 
which are mounted directly on the smooth convex portions of an aircraft, a missile, 
or a spacecraft, etc. 

The situation that arises in dealing with problems of type a above is depicted in 
Fig. 26. The problem indicated in Fig. 26 will henceforth be referred to as the 
“scattering problem"; in this problem, the source and observer are both located off 
the convex surface. The observer in Fig. 26 may be located either at a point P, in 
the lit region or at a point Ps in the shadow region. 

The situation that typically arises in dealing with problems of type b indicated 
above is illustrated in Fig. 27, and it defines what will henceforth be referred to as 
the “radiation problem." The source is positioned directly on the convex surface in 
this case, whereas the observation point is always located off the surface, either at 
P, in the lit zone or at Ps in the shadow zone as indicated in Fig. 27. Note that the 
radiation problem of Fig. 27 is directly related to finding the electric current 
density, or the charge density, that is induced at the point Q' on a perfectly 
conducting convex surface by an appropriate source at P, or Ps via the reciprocity 
theorem for electromagnetic fields. This reciprocal problem of determining the 
currents and charges induced on a perfectly conducting convex surface by an 
external source is of importance, for example, in electromagnetic pulse 
applications. 

Another situation of interest which arises in dealing with problems of type b 
above is shown in Fig. 28; this problem in Fig. 28 will henceforth be referred to as 
the “mutual coupling problem." The source and the observation points are both 
positioned directly on the surface in this situation. It is clear that the problem in 
Fig. 28 is related directly to the calculation of the mutual coupling between a pair of 
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Fig. 26. Geometry associated with the scattering problem. 
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Fig. 27. Geometry associated with the radiation problem. 


conformal antennas on a convex surface; such a calculation essentially reduces to 
finding the "surface fields" at Q due to a source at Q' on the same surface. 

The scattering problem will be treated first, to be followed by similar treat- 
ments for the radiation and mutual coupling problems. It is of course implied that 
the principal surface radii of curvature at points of reflection and diffraction are 
sufficiently large in terms of the wavelength so that these high-frequency solutions 
remain valid. Some examples are provided which shed information as to the 
approximate bounds on how large in terms of the wavelength the surface has to be 
for obtaining accurate results based on these solutions. Note that the UTD 
solutions* to be described below for the scattering, radiation, and mutual coupling 
associated with a convex surface all employ the rays of the GTD. 

UTD Analysis of the Scattering by a Smooth, Convex Surface (3-D Case)— 
A uniform GTD (or UTD) solution which is convenient and accurate for engineer- 
ing applications is presented below for the scattering problem in Fig. 26 such that it 
overcomes the limitations of the GTD within the SSB transition region (shaded in 
Fig. 26); furthermore, this UTD solution automatically reduces to the GTD 
solution exterior to the SSB transition region, where the latter solution is indeed 
valid. The angular extent of the SSB transition region is of the order [2/ko,(Q)] ^ 


SOURCE 
х 


SURFACE- 
558 RAY PATH 


Fig. 28. Geometry associated with the mutual coupling problem. 


* These UTD solutions employ Fock type transition functions which have been studied extensively by 
M. A. Logan in “General Research in Diffraction Theory", Vols. I and II, Lockheed Aircraft Corp., 


1959. 
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radians, where 0,(0,) is the surface radius of curvature along the incident-ray 
direction at Q,. The incident field can be an arbitrary ray optical type field as in (8); 
it is noted that plane- and spherical-wave fields are special cases of this arbitrary ray 
optical field (see “Тће GO Incident Field" in Section 2). The UTD solution given 
below is applicable, provided that the field point and the caustics of the incident-ray 
system are not in the close vicinity of the surface. It is also assumed that the 
amplitude (or the pattern) of the incident field does not exhibit a rapid spatial 
variation in the vicinity of Q4, otherwise additional slope diffraction contributions 
to the total field need to be included; expressions for the latter have not yet been 
developed for the arbitrary convex surface. Two additional minor restrictions on 
the solution are indicated later on, when the explicit field expressions are given. 
The total electric field E for the problem in Fig. 26 is given as 


E'(P,)U + E'(P,)U + ЕЦР,) if P = P, in the lit zone 


E«Ps)1 — U] if P = Ру in the shadow zone 
(102) 


E(P) - | 


The incident and reflected fields Е: and Е” are associated with the incident and 
reflected GO rays shown in Fig. 26. The step function U in (102) is defined as 


, 


1 in the lit region which lies above the 558 
(103) 


0 in the shadow region which lies below the SSB 


where the surface shadow boundary (SSB) is as illustrated in Fig. 26. The field 
Е“(Р,) in (102) within the shadow region follows the surface-diffracted ray path 
also shown in Fig. 26, whereas the field E*(P,) in (102) which is diffracted into the 
lit region follows the reflected-ray path (of Е”) in this solution. Therefore it is 
convenient in this problem to combine the GO reflected field E'(P,)U and the 
diffracted field E4(P,) into a "generalized reflected field" E*'(P,)U in the lit 
region so that (102) becomes 


E(P,)U + E®(P,)U_ if P = P, in the lit zone 


| | (104) 
Е“(Р5)[1 — U] if P = Ps in the shadow zone 


2 


The surface-diffracted ray path (see Fig. 26) associated here with Е“(Р,) was 
described earlier under *GTD for Convex Surfaces" in Section 4. Also, the 
incident GO field E'(P,) was described previously under “The GO Incident Field" 
in Section 2. The fields Е#' (Р, ) and E (Ps) are obtained in [28, 29] and are given by 


íi ^ А ALA 0105 —jks" 
E*(P,) ~ Е 1%, +R oe 105 
(PL) (Ок) [Rê 6, ney & | (01 + 57)(05 + 5 )* (105) 
d ~ ki ID bE ^ 5 Qs — jks! 
Е“(Р5) ~ E'(Q1)-[Z; bib; + Ф„й,й›] y о, " 57) (106) 


where the points Ок апа О, and the distances 5' and sf are indicated in Fig. 26. The 
quantities от and 05 have the same meaning as in (16) for the ordinary reflected GO 


- 
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_ field E'(P,), which is discussed under “Тһе GO Reflected Field" in Section 2. 


Also, o; in (106) is the same as in (50) of Section 4. The quantities within brackets 
involving 2, іп (105) and 9, іп (106) may be viewed as generalized dyadic 
coefficients for surface reflection* and diffraction, respectively. It is noted that 
(105) and (106) are expressed invariantly in terms of the unit vectors fixed in the 
reflected and surface-diffracted ray coordinates. The unit vectors êj, ê, and ё, in 
(105) have been defined in “The GO Reflected Field" in Section 2 (see Fig. 8). At 
О, let t, be the unit vector in the direction of incidence, fi, be the unit outward 
normal vector to the surface, and b, = ti X f; likewise at Q, let a similar set of unit 
vectors (to, fiz, b2) be defined with t, in the direction of the diffracted ray as in 
Fig. 29. In the case of surface rays with zero torsion, b, = D. It is noted that o, in 
(106) is the wavefront radius of curvature of the surface-diffracted ray evaluated in 
the b, direction at О. The %, , and 2), , in (105) and (106) are given by [28,29]: 


оо P —ja/4 Р 
a. = -(/ ghee [Er хор + РЕ) — am 


and for the lit region 


= 2 e ју4 _ 5 јато ) -j t 
9,,- | Vm(Q1)m(Q2) VE Fer 2l í ако: : | 
108 


for the shadow region. The function F appearing above has been introduced in the 
section dealing with edge diffraction [see (66)]. The Fock type surface-reflection 
functions P, and P, are related to the soft and hard Pekeris functions p* and q* by 
[28,29] (note that д = 0 at SSB): 


Fig. 29. Surface-ray unit vectors t, ñ, and b. 


* Actually, cross terms exist in the above generalized dyadic reflection coefficient; but in general their 
effect is seen to be weak within the SSB transition region. Also these terms vanish in the deep lit region 
and on the SSB, hence they have been ignored in (105). 
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Р, (д) = || сна LEUR sate 
14%) 2үлд (109b) 


where р" and а“ are finite and well behaved even when ó = 0; these universal 
functions are plotted in Figs. 30, 31, and 32. Also, 


e ^ оо ОУ(т) 


Б = e dr 
Р.) = “үл |... OWO) 
where 
: 1 soft case (110a) 
9/дт hard case (110b) 
in which the Fock type Airy functions V(r) and (т) аге [28,29] 
2јУ(т) = Wiz) — (т) (111a) 
1 Г = 
(т) = = et? dt 111b 
©) л J o exp(—j2n/3) ши 
W(t) = + | ze (111c) 
Үл со ехр(+/2л/3) € dt 
The remaining quantities occurring in (107) and (108) are* 
ЕЁ = —2т(Ов)соз 0' (112) 
тг) 
Е= —— dt 113 
о, o«(t ) ( ) 
k 113 
mo) = [59 ам) 
Q2 
t= | dt' (115) 
21 
L -22 23: 
X“ = 2kL сов 0 (116) 


апа 


*In [29] £^ is more precisely given by EL = 2m(Qg)f "cos 6', where f -13 depends on the principal 
surface radii of curvatures at Ок and 0' in a complicated manner. However, it appears that replacing 
ј "3 by unity as is done in (112) for all 6! does not impair the accuracy of the solution. It is noted that 
f = 1 when 6' = л/2 (i.e., at SSB), and it differs from unity as 0 — 0; however, as 0! — 0, £^ << 0 


апа P,, — + 27/4 єй? so that t, , > F1 as it should with either definition for £^. 


чс 
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Р,(® = [p* (8) - (1/2/zt)]e 774 


Fig. 30. A plot of F(o) versus o. (After Pathak [28], (С) 1979 American Geophysical Union) 
Fig. 31. A plot of e МЧр*(Е) versus £. (After Pathak [28], © 1979 American Geophysical 


Union) 


| | запимоуи 
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єг" а) 


Fig. 32. А plot of e 7" Q*(£) versus ё. (After Pathak [28], (© 1979 American Geophysical 
Union) 


kL (5) 


а _ KE) __ 
X = тот) 


(117) 


The о„(Ов) їп т(Ок) is the surface radius of curvature at Ок in the plane of 
incidence, whereas 0,(0,) for i = 1 or 2 is the surface radius of curvature at Q; in 
the t; direction. Here, dt’ is an incremental arc length along the surface-ray path. 
The angle of incidence 0: is shown in Fig. 8. The d (Qi) and dn(Q2) denote the 
widths of the surface-ray tube at О, and О», respectively; the surface-ray tube is 
formed by considering a pair of rays adjacent to the central ray as in Fig. 17. It is 
noted that the geodesic surface-ray paths are easy to find on cylinders, spheres, and 
cones. For example, the geodesic paths on a convex cylinder are helical, whereas 
they are great circle paths on a sphere. The geodesic surface-ray paths on cylinders 
and cones are illustrated later in Figs. 45 and 46. For more general types of convex 
surfaces the geodesic surface-ray paths must be found numerically with the aid of 
differential geometry. The distance parameter L in (116) and (117) is given by 


ei(Q1) 0501) sles(Qu) + sl 


L=) + 00) + 5 050) 


(118) 
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where 
5=7| == (119) 
558 SSB 
i _ [incident wavefront radius of curvature 
о5(01) = |" the b, direction at О, (120) 


For any arbitrary point within the lit or shadow part of the SSB transition 
region, the distance s required in the calculation of L in (118) may be obtained by 
projecting 5' or s^ on the SSB if that observation point does not move in a рге- 
determined manner. If the observation point moves across the SSB in a рге- 
determined fashion, then it is clear that s in (118) and (119) can be found 
unambiguously. Note that 01(0,) and 05(0,) in (118) above denote the principal 
radii of curvature of the incident wavefront at От, and 05, which is defined in (120), 
has been introduced previously in (21). In the special case of point-source or 
spherical-wave illumination, the L in (118) simplifies to* 


L- Su for spherical-wave illumination (121) 


where 


distance from the point 


s' = [o(Q1) = 05(О1) = 06(01)] = source to the point of (122) 
grazing incidence at О, 


In the case of plane-wave illumination, 5' — х and hence (121) above simplifies to 
L-s ог plane-wave illumination (123) 


If the incident wavefront is of the converging (012 < 0) or converging- 
diverging (01 > 0 and o < 0; or oj < 0 and 05 > 0) type, then the parameter L in 
(118) can become negative. It has not been investigated in detail how the general 
solution can be completed when L becomes negative. However, if one of the 
principal directions of the incident wavefront coincides with one of the principal 
planes of the surface at grazing, then one can treat a converging or converging- 
diverging type wavefront for which L < 0 by replacing F(X'^^) with F*(|x^^|). 
Note that the asterisk on F* denotes the complex conjugate operator. The use of 
F*(|X^7|) when L < 0 leads to a continuous total field at the SB in this case. 

The above UTD result remains accurate outside the paraxial (i.e., near axial) 
regions of quasi-cylindrical or elongated convex surfaces; a different solution is 
required in these regions and it has not yet been completed. 


*[n general the present solution appears to be accurate even for kL as small as 3; in some special cases 
kL can be made as small as 1. 
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The surface-diffracted field of the type E4(Ps) can also be present in the lit 
zone if the surface is closed; this may be visualized by noting that the field of the 
type E^ can propagate around the closed surface. Also, additional contributions 
to E4(Ps) can be present in the shadow zone for a closed surface because surface- 
diffracted rays can be initiated at all points of grazing incidence on that closed 
surface; furthermore, these surface rays can undergo multiple encirclements 
around the closed body. These additional surface-diffracted ray contributions, 
however, are generally quite weak in comparison with the E" contribution within 

‚ the lit zone for surfaces which are quite large in terms of the wavelength; hence 
their contributions may be neglected in such cases. Fig. 33 indicates the rays 
associated with these additional contributions for a closed surface. 

It is clear that the parameters EL, E, ХЕ, and ХЭ become small as one 
approaches the surface shadow boundary, SSB, from both the lit and shadow 
regions. As one approaches the SSB the small-argument limiting form of the 
transition function F(X) which has been introduced earlier in (66) becomes helpful 
for verifying the continuity of the total high-frequency field at the SSB. On the 
other hand, the above parameters become large as one moves outside the SSB 
transition region; in this case F(X) — 1 for large X and 


P, (loco ~ + цан (124) 
—jala 


e )л/6 е9ч" ехр(-/57/6) 


М 
: ул > 2[Ai (—ч„)Р 
P, „(ò)la>>0 = (125) 


eg 77^ М, еј едй ехр(—/5л/6) 


ул п=1 2а | 34-48) 


е 


where М = 2 is generally sufficient to compute P, (д) accurately for 6 2» 0 via 
(125). In (125) the Miller type Airy function Ai(t) = V(ryVz, and Ai'(1) = 


Fig. 33. Multiply encircling surface rays and contribution to Ру. from surface-diffracted rays. 
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dAi(r)dr. The parameters 4, and q, in (125) are defined by Ai(—q,) = 0 and 
Ai'(—4,) = 0, respectively. Explicit values of qn and 4, are available in [30]; they 
are also given for n = 1 and n = 2 in Chart 1. Thus on incorporating the limiting 
values of (124) and (125), which are valid outside the SSB transition region, into 
(107) and (108) and replacing F(X ) by its asymptotic value of unity, it is clear that 
(105) and (106) properly reduce to ESTP of (46). Indeed, 4t, , in (107) reduces to 
Фа. = +1 outside the SSB transition region so that EP(P,) — E'(P,), and 
likewise E4(Ps) > E{(Ps) therein, respectively, in which Е/(Р,) and Е (Ру) of (46) 
are as given by (16) and (50). The T^(Q;, Q2) appearing in (50) for EZ is seen to be 


T*(Q,,Q2) = Б.67, + fT), (126a) 


where 
N Q2 
па = S s'en] - | atear | po (126b) 
п=1 О, 


The D$” and ай are the Kellers GTD diffraction coefficients and attenuation 
constants for the nth soft (s) or hard (A) surface-ray mode. Thus, in the GTD the 
surface-ray field consists of surface-ray modes which propagate independently of 
one another. Also, this surface-ray field is not the true field on the surface; it is a 
boundary layer field which gives rise to the interpretation of Т“ in (50) and (126a) 
as a dyadic transfer function to indicate the launching of the surface-ray field at 
О, [ма D;"^(Q:)], the attenuation of the surface-ray field between Q; and Q» 
(via ехр[- f8: as" (t)dt]), and the diffraction of the surface-ray field at Q2 [via 
D5^(Q;)] to arrive at Ps ма the surface-diffracted ray path ОР, as in Fig. 26. 
From (125) it can be seen that Оу" and 05," are given by 


(XQ = зк cb s (1274) 
i Iak "O ГАР Cad) 
EDEN e iem 
КО = za "O Да-а шин 
апа 
5 = Qn Я 
On(Q) = ( gero (128a) 
п — ( дп ‘л/б 128Ь 
at = (2 буутдэенйлө) (1285) 


in which О is any point on the geodesic surface-ray path. The expressions in (127a), 
(127b), (128a), and (128b) are the same as those obtained in Keller's GTD [3]. 

The GTD result of (46) in terms of (127) and (126) is not valid within the SSB 
transition region; it is valid only outside that transition region, as pointed out under 
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Chart 1. Zeroes of the Airy Function and Its Derivative 


Zeroes of the Zeroes of the Derivative 
Airy Function of the Airy Function 
Ai(—4p) = 0 АР(-4р) =0 
qı = 2.338 11 4) = 1.018 79 
q — 4.087 95 42 = 3.24820 
Ai'(—q1) = 0.70121 АК-—а!) = 0.535 66 
АГ(—42) = —0.803 11 АК-42) = —0.419 02 


«GTD for Convex Surfaces" in Section 4. Therefore one must use the more general 
UTD result of (104) together with (105) and (106), which not only remains valid 
within the SSB transition region but which also reduces automatically and 
uniformly to the usual GTD result of (46) exterior to that transition region. Some 
examples indicating the usefulness of the UTD result for the scattering problem are 
shown in Figs. 34, 35, and 36. In Fig. 34 the UTD solution is compared with an 
independent moment method (MM)- based solution for the same configuration. 

Note that the magnetic field H(P) can be obtained as usual from the cor- 
responding E(P) using the local plane-wave approximation to each component of 
E as in (11), (17), and (51). 

UTD Analysis of the Scattering by a Smooth, Convex Surface (2-D Case)—The 
above UTD result for the 3-D scattering configuration can be simply modified to 
recover the corresponding UTD result for the 2-D case by allowing the caustic 
distances о" and о; in (105) and (106) to recede to infinity. Then, let 


05 507, іо > ® апіо, > ® (129) 


Fig. 34. Radiation pattern of a magnetic dipole located parallel to the axis of an elliptic 
cylinder. (а) Cylinder and antenna. (b) Radiation pattern. (After Pathak, Burnside, and 
Marhefka [29], © 1980 IEEE) 
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Fig. 35. Radiation patterns of an electric dipole mounted near a circular cone (see Fig. 37b). 
(a) Geometry for circular cone. (b) Comparison of measured and calculated radiation 
patterns. (After Pathak, Burnside, and Marhefka [29], © 1980 IEEE) 
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Fig. 36. Comparison of measured and calculated radiation patterns for a slot mounted in a 
plate-cylinder configuration with the slot parallel to the cylinder axis. (After Pathak, 
Burnside, and Marhefka [29], © 1980 IEEE) 


so that E(P) is still given by (104), with (105) and (106) now changed to the 
following for the 2-D case: 


ЕР(Р,) ~ (Он), + Radi Ci o е7 (130) 


in which 07 is discussed under “The GO Reflected Field” in Section 2, and 
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. " еі" 
Е“(Р5) ~ E'(Q)) [0,66 + D, à, №] Ут (131) 


since b, = 6, = b for the 2-D case (note: Б = ё). The, „ and, , in (130) and 
(131) are as defined in (107) and (108), respectively, except that the L appearing in 
(107) and (108) is given by 


5'54 
ss 


for the 2-D case (132) 


where s' is the distance from the 2-D line source to the point of grazing incidence at 
О, and s = s"|ssg as before. A comparison of the UTD and СТР solutions for a 
2-D circular cylinder is illustrated in Figs. 37 and 38; those UTD solutions are then 


Fig. 37. Comparison of patterns calculated by uniform GTD (UTD) and ordinary GTD 
solutions for radiation by dipoles parallel to the axis of a perfectly conducting cylinder with a 
= 14 and о’ = 24. (a) Geometry. (b) Electric line source case. (c) Magnetic line source case. 
(After Pathak, Burnside, and Marhefka [29], (C) 1980 IEEE) 
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см YP 
Fig. 38. Comparison of UTD solution of Fig. 37a with exact model series solution. (a) 


Radiation by electric line source. (b) Radiation by magnetic line source. (After Pathak, 
Burnside, and Marhefka [29], © 1980 IEEE) 


M 


compared with the corresponding exact eigenfunction solutions, indicating the 
better accuracy of the UTD result over the ordinary GTD result, especially in the : 
SSB transition region. 

The magnetic field H(P) can be found from E(P) as in (11), (17), and (51) via 
the local plane-wave approximation. 

UTD Analysis of the Radiation by Antennas on a Smooth, Convex Surface (3-D 
Case)—A. compact uniform GTD (or UTD) solution is described below for the 
problem in Fig. 27 such that it remains uniformly valid across the SSB transition 
region. This UTD solution for the radiation problem employs the ray coordinates 
of the GTD. In the shadow region the field radiated by a source at Q' propagates 
along Keller's surface-diffracted ray path to the point Ps (Fig. 39a), whereas in the 
lit region the field propagates along the GO ray path directly from the source at Q' 
to the field point P, (Fig. 39b). These ray fields reduce to the GO field in the deep 
lit region and remain uniformly valid across the SSB transition region into the deep 
shadow region. Surface-ray torsion, which affects the radiated field in both the 
shadow and the SSB transition regions, appears "explicitly" in the solution as a 
torsion factor. The solution to the scattering problem described earlier did not 
explicitly contain such a torsion factor to first order; thus, explicit effects of 
surface-ray torsion appear to be localized only to regions in the neighborhood of 
sources on a convex surface. Since the field in the deep lit region is essentially that 
obtained from GO, and the field in the deep shadow region is relatively weak, the 
practical importance of the UTD solution described here is its ability to predict 
complex, surface-dependent field and polarization effects in the transition region 
adjacent to the shadow boundary (SSB) of a convex surface (Fig. 27). 

The UTD solution for the radiated field is given below for the lit and shadow 
regions. These solutions for the two regions join smoothly at the shadow boundary 
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Fig. 39. Ray paths in the shadow and lit regions. (a) Field point in shadow region. (Б) Field 
point in lit region. (After Pathak, Wang, Burnside, and Kouyoumijian [31], © 1981 IEEE) 


(SSB). The UTD solution is presented here for the electromagnetic field radiated 
by an aperture in or by a short, thin monopole on a smooth, perfectly conducting, 
convex surface surrounded by a homogeneous isotropic medium. For an aperture 
in a convex surface it is convenient to define an infinitesimal magnetic current 
moment dp,,(Q’) at any point Q’ in the aperture as 


dp,(Q') = E'(Q') x й'4А' (133) 


where Е“(О’) is the electric field, ñ’ is the outward unit normal vector to the sur- 
face, and dA' is an area element at Q'. The tangential electric field in the aperture 
is assumed to be known. The 4р„(О’) radiating in the presence of the perfectly 
conducting convex surface, which now covers the aperture as well, constitutes the 
equivalent source of the electric field dE,,(P|Q’) produced at any point P exterior 
to the surface. The total radiated electric field Е„(Р) is then found by integrating 
the incremental field dE,,(P|Q’) over the total area A of the aperture. Thus 


En(P) = [| aco) (134) 


In the present context one notes that an aperture antenna frequently occurs in the 
form of a slot which is cut in a conducting surface. Slot radiators of rectangular, 
circular, or annular shapes are commonly employed in practice. Following the 
above development for the equivalent sources in the aperture radiation problem, 
one may similarly define an infinitesimal electric current moment dp,(€') in 
dealing with the radiation by a monopole on a convex surface as 


ар.(О’) = I(€')d€ й' (135) 


- 
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where 1(6') denotes the electric current distribution on the monopole, and #ё' is 
the distance along its length measured from the base at Q'. It is assumed here that 
the monopole is a short, thin wire whose total length h is such that Л << Ri ХО"), 
where R,(Q’) and КО") denote the principal surface radii of curvatures at О’. It is 
also assumed that the current distribution 1(6) is known. The current moment 
dp.(€') radiating in the presence of the perfectly conducting surface then 
constitutes the equivalent source of the electric field dE,(P|€') produced at Р 
exterior to the surface. The total electric field E,(P) radiated by the short monopole 
can be approximately calculated from a knowledge of only the field dE,(P|Q") upon 
simply replacing the source strength dp, (Q"), which occurs in the latter solution, by 
Їй dp.(€’)cos(ke’cos 0") if P is in the lit region, or by fódp.(€") if P is in the 
shadow region.* The above integrals serve to properly incorporate the effects of 
the wire length and the current distribution of the short monopole into the 
radiation calculation based only on dE,(P|Q"). It is noted that the term cos 0' inside 
the integral is defined by cos 0 = à'-$, where $ is the radiation direction in the lit 
zone from any point ¢’ on the monopole, with 0 S £' & h. For calculating the 
field radiated by monopoles which are longer than the one being considered here, 
one must employ the integral [6 dE,(P|€") over the length of the monopole. The 
latter integral may also be employed to calculate the field radiated by arbitrary 
curved wire monopoles; however, in this case the dE,(P|€) is produced by an 
arbitrarily oriented dp,(¢’) above the convex surface. The cases of long, straight, 
or curved wire monopoles will not be considered here. From the preceding 
discussion note that it suffices to present a uniform GTD (or UTD) formulation for 
only the incremental fields dE,,(P|Q’) and dE.(P|Q') radiated by the sources 
ар„(О') and dp.(Q"), respectively. The present formulation or апза( of the 
uniform GTD solution leads to separate representations for the radiated field 
АЕ „ (P|Q") in the shadow and lit regions, respectively. As mentioned earlier, 
however, these different representations match exactly in polarization, amplitude, 
and phase, at the shadow boundary. The shadow region field representation for 
dE,, е(Р|0") is presented first; a corresponding lit region field representation for 
dE,, ,(P|Q") is given next. 

The field dE,, .(Ps|Q") for the field at Ps in the shadow region arrives from О’ 
along the surface-diffracted ray path shown in Fig. 39а; it is given by [31] 


z - о“ ET 
dEn РО) = dps (Q^ а (010) + An dors 039 
with 
(оло) = А [BATOH + ЁЁТ(0')5 + 567505 


5 | 1/6 
+ бато нје“ Ето ЕЯ (137) 


«Неге, dE,(P|Q") is the value of dE,(P|€') at €' = 0. 
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E Гати К 1/6 


(138) 


for the slot or dp,, case, and 


АЈА 


Т.0010) = = 


for the monopole or dp, case. The Àm e constitute the higher-order terms which 
are needed in special cases where the contribution from the leading terms in 
Т. is weak. The A m.e Will be given below after the terms in Т,„ г are defined in 
Table 2. 

Let €; and 4, denote the principal directions on the surface at Q' as shown in 
Fig. 40 along with the angle a’ between (' and xj. Then К, and R; in Table 2 denote 
the principal surface radii of curvatures in the t; and 85 directions at О’. For the 
sake of definiteness one chooses R, 2 К» in this development. One notes that the 
expression for torsion T(Q") given in Table 2 becomes negative if z/2 < a’ < x or if 
3л/2 < a' < 2л. The o^ is expressed in terms of the quantities E and С in Table 2 
which denote two of the three coefficients E, F, and G that occur in the "first 
fundamental form" representing the differential arc length along a curve on a 
surface (see, for example, D. J. Struik, Differential Geometry, 2nd ed., Addison- 
Wesley Publishing Co., Reading, Massachusetts, 1961). The functions H and S in 
Те of (137) and (138) are 


H =(®) (139) 
= L gE) (140) 


Here g(&) and g(&) denote the acoustic hard and soft Fock functions (or Fock 
integrals); they are defined as 


24 
T1 
т' • +' = со5 а' 
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Fig. 40. Principal surface directions at the source. (After Pathak, Wang, Burnside, and 
Kouyoumjian [31], (С) 1981 IEEE) 
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CORE eM ae (141) 
and 

2 ET 1 d —jré -1 

Ко = еее Ode (142) 


AMPLITUDE 


Fig. 41. Plots of the Fock radiation functions. (a) Amplitude. (b) Phase. 
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Fig. 41, continued 


in which the Fock type Airy functions W and W3 are given by (111c) and dW,/dr, 
respectively. The Fock parameter Е for the “shadow zone" is defined as in (113) 
together with (114), but with О, and О, in (113) replaced by О’ and О, respec- 
tively. Noted that £ > 0 in the shadow zone. Also the distance ! in e № of (137) 
and (138) is the length of the surface-ray geodesic path from Q' to Q. The functions 
H(&) and S(£) are plotted in Fig. 41 for E > 0. It is interesting to note that in the 
deep shadow zone, where € >> 0, Н and $ can alternatively be expressed as 


e«(Q) I" 


(143) 


ноа È (1n О ЕС 


=1 


4-70 Fundamentals and Mathematical Techniques 


and 


soia Bene Јакопо] " 


in which D$; and ат” are as defined previously in (127) and (128), whereas 


(144) 


1.0") T Илк ——- f ) > AP er Qn)Dn (Q^) 
and 
Li(Q") = Углк e AC —Gn) 00) 


The L$” are defined as the surface-ray launching coefficients [31]; they allow one to 
extend the ordinary GTD to the problem of the radiation by sources on a convex 
surface. Thus, outside the (SSB) transition region which lies in the deep shadow, 
UTD — СТР. As in (126b) М = 2 in (143) and (144) generally yields accurate 
results. 

The quantity dy(Q) = o^dy, and the angles дуо at О’ and dy at Q, 
respectively, which are associated with the surface-diffracted ray path from О’ to 
Ps, are shown in Fig. 42. Note that 


do | V l/cos(t/a) for a sphere 


dy 1 for a cylinder 


For an arbitrary convex surface, У4фо/ 4 may be determined numerically [31]. If 
dy lotdy < 0, then 


Fig. 42. Surface-diffracted ray tube associated with the surface-diffracted ray from Q' to P,. 
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Vdyylo^dy = Vdwoldn(Q) = *jldyolo^dy)| 
Finally, the higher-order terms Але in (136) are given by [31] 
А „= =) Бат, + Ë | iH _ 223 op IH (4) | 
a (2 (Бат, + CA) | Toz x ду] + vb Sg dy 


| о(О) р аро e ik 
00") dn(Q) 


>! 


(145) 


апа 


zo ТА, ЈН — /dyo[e«(Q) |^ / dvo и 
5. = (Casa 19 5505 у О] Мане“ O 


where To = T(Q")o,(Q"), in which T(Q") and o,(Q") are defined in Table 2. Also, 
the function H' is defined as dH/d£, in which H has been defined previously in 
(139). A reasonable choice for A, and A, is given by [31] 


A, = RX(Q')Ri(Q') (1472) 
and 

Ас=1— А, . (147Ы) 
with R,(Q’) = R;(Q"), in order to interpolate smoothly between the higher-order 
terms in the canonical circular cylinder and sphere solutions. 


Next, the field E,, (P, |Q") at a point P, in the lit region arrives from the point 
Q' along the direct-ray path as shown in Fig. 39b; it is given by [31] 


dE, АР,О) = dp, Q') (Toe + Aine) e^ (148) 
with 


T6 = Ér „аА + 668 + b;b C + бар) (149) 
for the slot ог ар» case, and 


Т“ = " ааМ+а'ЁМ) (150) 


for the monopole or dp, case. Again the Аё, сіп (148) constitute the higher-order 
terms in the lit zone; whereas the T£, г аге the leading terms, which are generally 
more important than Af, „. The terms in T7, , are defined below in Table 3. It is 
noted that T(Q") and o,(Q") in Table 3 have the same meaning as in Table 2 for the 
shadow zone. However, the angle a' in the definition of T(Q") for the lit zone is 
now the angle between t and tį. The functions Н“ and S* in Table 3 are 
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Table3. Terms for the Lit Region 


Slot or dp,, Case 


A B C D 
212222252122212-2-22-22-12--402-1-4442--- 
Не + Т5 Y cos 0! 56 — Т2 Y cos? Тох ToY cos 6 


BAND RP DEUM ee 
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Monopole or 4р; Case 


M N To T 
12221202 DEMEURE с = 2221-13-02 
€ HU co 0i 
sin Ө!(Н© + T3 Y cos") Тох sin 6 Т(0')о,(0") S'— Н cos 
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не = g(Ege 78» (151) 
st труде e | (152) 


in which the hard and soft Fock functions 2 and 2 have been defined previously in 
(141) and (142). The Fock parameter ёс for the lit region is given by 


E, = —m((Q')cos 0' (153) 


where 


mO) = т ув (154) 


The angle 6/ is defined by ñ’ -$ = cos 6’; this angle is also shown in Fig. 43. It is 
noted that the Fock parameter £, « 0 in the lit region. In the deep lit region it can 
be shown from the asymptotic properties of g and g for &, << 0 that Y — 0. The 
factor Y has been defined in Table 3. One may view ToY as the “surface depolari- 
zation factor" since it plays an important role within the lit portion of the shadow 
boundary transition region, where it serves as a measure of the extent to which the 
polarization of the radiated field is affected by the surface geometry near Q'. 
Clearly, in the deep lit region where the geometrical optics approximation becomes 
valid, the polarization of the radiated field is dictated by the source rather than the 
surface, and ТоТ — 0 as one would expect. 

The functions НЕ) and S'(£,) are plotted in Fig. 41 for 6; < 0. It is easily 
verified that the dE, , of (148) reduces to the geometrical optics field solution in the 
deep lit region, where Тот — 0, Н“ — 2, and 56 — 2cos Ө! for Ё, << 0, i.e., the 
leading terms yield 


КЕ , о “је 
ав,(Р,Ї 0) ~ ap, (Q")- (582 + #%2с0560') -- for£, < 0 (155) 


and 


, ikZo , A! 5 i ews 
dE(P,|Q') ~ Ал ар.(О’) - (ûñ'ñ2sin Ө уез for & << 0 (156) 


Finally, the higher-order terms Af, с in (148) are given by [31] 


ре -jk {f : sin?! Н 
At = J | LA + РА | — x 
т 4л (Бей To + teñ) | То (1 + T&cos?0* ти О") 


н 22 TàcosO'sinj0! ЈН || 
2m(Q') * (1 + Тасо 0) 2mi(Q") 


+ | 


(157) 
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Fig. 43. Unit vectors for the lit region. (After Pathak, Wang, Burnside, and Kouyoumjian 
[31], (О 1981 IEEE) 


and 
[m (22) na SOA 1 + T ЈН 
e \ 4x 1 + Tàcos?0! 1 + T$cos^0! 2m? 
T (– ап 0' созв'Тр)А. — 1+ Тб а 
1 + Т2соѕ20ї 1 + Тасо 2m; 


(158) 


where То is specified in Table 3. Also Не = dH*/d£, in which Н“ is as defined in 
(151). The remaining quantities in (157) and (158) are identical with those defined 
earlier. 

_ At the shadow boundary (SSB) it can be readily shown that Af. = 
Ame so that the higher-order terms, like the leading terms, are continuous at 
0' = л/2. 

The solution presented above is employed here to compute the radiation from 
slots in cylinders, spheres, cones, and spheroids, and also from a monopole on a 
spheroid. In these computations the pertinent rays which pass through the field 
point in the lit and shadow regions are depicted in Fig. 44. The ray which is 
launched at Q' and then propagates in a clockwise direction around the convex 
surface before it sheds to the field point P, in the lit region is not shown in Fig. 44a. 
The field of this ray, as well as that of rays shed from multiple encirclements, can be 
neglected for electrically large surfaces. The fields of rays which traverse long 
distances on surfaces with radii of curvature large in terms of the wavelength 
become highly attenuated and hence their effect on the resulting pattern is 
negligible. One notes that in the case of a prolate spheroidal surface there are two 
additional surface-diffracted ray contributions besides the ones shown in Fig. 44a; 
however, these contribute as significantly as the two rays in Fig. 44b only in the 
deep shadow region. Elsewhere, their contribution is negligible. 

The various functions contained in the present solution are rather easy to 
compute; on the other hand, the associated geodesic surface-ray paths can be easily 
determined only in the case of some simple shapes, such as planes, cylinders, 
spheres, and cones; otherwise, the surface geodesics must be determined 
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Fig. 44. Ray paths in the shadow and lit regions for a closed convex body. (a) Lit region. (b) 
Shadow region. (After Pathak, Wang, Burnside, and Kouyoumjian [31], © 1981 IEEE) 


numerically from their governing differential equations (or from an alternative 
integral expression). Fig. 45 indicates the dominant helical geodesic surface-ray 
paths for a convex cylinder. In Fig. 45a angles а! and a; stay the same with respect 
to the generator (or the 2 direction) of the cylinder. For a spherical surface the 
geodesic surface-ray paths are great circle paths. A discussion of the numerical 
computation of geodesic paths on circular and elliptic cylinders may be found in 
[32], whereas the geodesics on a cone may be computed as described in [33, 34]. 
A typical geodesic surface-ray path on a cone is illustrated in Fig. 46. Also, a 
procedure for finding the geodesic paths corresponding to a "given" radiation 
direction (t or 8) is discussed in [33] for the more general prolate spheroidal surface. 

Radiation pattern calculations using only the leading terms of this asymptotic 
(UTD) solution are presented in Figs. 47b, 47c, and 47d for circumferential and 
axial slots in circular and elliptic cylinders. The rectangular slots in these cases are 
short and thin so that the dominant mode cosine distribution can be assumed in the 
slot. The cylinder geometry is shown in Fig. 47a. It is observed that the agreement 
between the asymptotic (UTD) calculations and the exact calculations in Figs. 47b, 
47c, and 47d is very good even though the cylinders are not too large in terms of the 
wavelength. The exact results in Figs. 47c and 47d for the elliptic cylinder case have 
been obtained from the work of [35]. 

The next two radiation pattern calculations presented in Figs. 48 and 49 
illustrate the importance of the higher-order terms in the UTD solution." While the 
inclusion of the higher-order terms is in general not essential for accuracy, there are 


* A caustic of the surface-diffracted rays is present at Ө = 0° and 1575 for the spherical geometry. The 
field of this caustic is weak in comparison with the direct ог репе! 4 optics field of the source at 0 = 
0°; however, it is the only field which exists at 0 = 180°. The present J TD solution is not directly valid at 
caustics, hence the pattern is not shown close to 9 = 180? in Fig. 48; more will be said about 
modifications of the UTD solution at caustics later. 
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Fig. 45. Helical geodesic surface-ray paths from О’. (а) Dominant path to points Q; апа Q2 
of diffraction on a convex cylinder. (Б) Helical geodesic surface ray path from О’ to point О, 
of Fig. 45a on a developed cylinder. 
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Fig. 46. Typical surface-ray path on a semi-infinite cone. (2) Geodesic surface-ray path on a 
cone. (b) Geodesic path on a developed cone. 
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Fig. 47. Radiation pattern calculations using only the leading terms of UTD solution for 
circumferential and axial slots in circular and elliptic cylinders. (a) Elliptic cylinder 


geometry. (b) Eg and E, radiation patterns of circumferential slot on circular cylinder. (c) 
|Е,| radiation patterns of axial slot at major axis of elliptic cylinder. (4) |Е,| radiation 


patterns of axial slot at minor axis of cylinder. (After Pathak, Wang, Burnside, and 
Kouyoumjian [31], 1981 IEEE) 
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Fig. 48. The |Е,| radiation pattern in the xz plane of a circumferential or £-directed slot in a 
sphere. (After Pathak, Wang, Burnside, and Kouyoumjian [31], ©) 1981 IEEE) 
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Fig. 49. The |Е,| radiation pattern of a 45° (tilted) slot in a circular cylinder. (a) High- 
frequency solution with higher-order terms. (b) High-frequency solution without higher- 
order terms. (After Pathak, Wang, Burnside, and Kouyoumjian [31], ©) 1981 IEEE) 
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special situations where these terms become as important às the leading terms and 
they must then be included to maintain accuracy. 

The UTD radiation pattern calculations for short, thin, radial slots in a cone 
are illustrated in Figs. 50 and 51. These calculations are compared with the 
corresponding exact (eigenfunction) results and measurements which are given in 
[36]. In Fig. 50 the patterns corresponding to both the 6 and the $ polarized 
components of the electric field are presented for 0 = 80° and 0° < ф < 360°. In Fig. 
51 the $ component of the electric field is plotted as a function of 0 in the 
ф = 40° and ф = 220? planes. It is noted for the cone configuration of Fig. 51 that 
the field point in the ф = 40? plane lies in the lit region, whereas for the ф = 220° 
case it lies primarily in the shadow region. 

Figs. 52a—- 52d illustrate the UTD radiation pattern calculation for antennas on 
prolate spheroids together with measured patterns for comparison. The geometry 
of this problem is shown in Fig. 53. This close agreement between calculations 
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Fig. 50. The |Е,| radiation pattern of a radial slot in a cone. (After Pathak, Wang, Burnside, 
and Kouyoumjian [31], (©) 1981 IEEE) 
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Fig. 51. Radiation patterns of a radial slot in a cone. (After Pathak, Wang, Burnside, and 
Kouyoumjian [31], (С) 1981 IEEE) 


and measurements for the spheroidal shape is very gratifying because it confirms 
the accuracy of the UTD solution even when the surface is far more general than 
a cylinder, cone, or sphere. 

The (UTD) ray solution presented above for calculating the radiation from 
sources on a large, perfectly conducting, smooth, convex surface of slowly varying 
curvature appears to work surprisingly well even for surfaces which are only 
moderately large in terms of the wavelength, as seen from some of the numerical 
results which have been presented. This solution is not expected to be accurate 
within the paraxial regions of almost cylindrical surfaces (1.е., along or near the 
axial direction of cylindrically shaped surfaces), and it must be modified for this 
special case. Such a modification has not been obtained at this time. Another 
special case where this solution cannot be directly employed is near a caustic of the 
surface-diffracted rays; however, if such a caustic region does exist, then it is 
generally possible to modify the UTD solution in the vicinity of the caustic via the 
equivalent-ring current method (ECM) [37], which is discussed in Section 5. 

The magnetic field dH(P) can be obtained directly f-om the corresponding 
dE(P) via the local plane-wave relationship 


$ 
dH(P, 5) = | X Yo dE(P, 5) 


UTD Analysis of the Radiation by Antennas on a Smooth, Convex Surface 
(2-D Case)—The UTD solution for analyzing the radiation from 2-D sources on a 
2-D convex surface can be obtained from the 3-D solution by noting that b’ = b 
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Fig. 52. Radiation patterns of antennas on a prolate spheroid (at the source location in Fig. 
54). (a) Of f-directed monopole. (b) Of &-directed rectangular slot with Ө = 90°. (c) Of &- 
directed rectangular slot with 0 — 100*. (4) Of &-directed rectangular slot with various 0. 
(After Pathak, Wang, Burnside, and Kouyoumjian [31], ©) 1981 IEEE) 
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Fig. 52, continued 
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Fig. 53. Prolate spheroidal geometry. (After Pathak, Wang, Burnside, and Kouyoumjian 
[31], Q 1981 IEEE) 


and o^ — œ% in the 2-D case, and by allowing the cross terms in the dyads Tem and 
те а to vanish [31,38]. Thus the electric field radiated by 2-D electric and 
magnetic line currents of strength 41, À' and dM at О’, respectively, on a 2-D 


convex surface are given by 


dE(P,) = CoZo dL, (Q^) :[а'а НЕ] ‘= sin 6! (159) 
and 
l6 ,-jkt—jks" 
dE(Ps) = Со (Q")À' [ага H(5)] E - (160) 
8 


for the electric line monopole source case, and by 
, ”Д е РИ oC e J^ 
dE(P,) = CodM(Q у-[Ь'а,Н“(&)  tbS'(50)] ү; (161) 
апа 


(162) 


о„(О) || e "ies 
e,(Q') 


JEP) = Само’) (ван + ESEN | ot 
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for the magnetic line source case. It is noted that dM in (161) and (162) can be 
expressed as dM = 2dM, + 44М,, where 2 denotes the direction along the axis or 
generator of the 2-D convex cylinder and € denotes the circumferential direction on 
that cylinder;* also Б = Б in (161) and (162) for the 2-D situation. The quantity Со 


in (159)-(162) is given by 
-— k +јл/4 163 
Co 8л ° . (163) 


Finally, the magnetic field dH(P) can be found as usual from dE(P) via 


^ 


ЧН(Р, 5) = (| х YodE(P, 5) 


on employing the local plane-wave approximation. 

UTD Analysis of the Mutual Coupling Between Antennas on a Smooth, Convex 
Surface (3-D Case)—A uniform GTD (or UTD) solution is presented below for 
analyzing the problem in Fig. 28, and it is uniform in the sense that it can also be 
used within the SSB transition region. This solution employs surface rays of the 
GTD, and it is assumed, once again, that the convex surface is electrically large. In 
particular, this UTD solution specifically describes in a simple fashion the surface 
field at О which is excited by an infinitesimal magnetic current moment dp,,(Q’), or 
an infinitesimal electric current moment dp,(Q’), respectively, at Q’ on the same 
convex surface. | 

The electromagnetic surface fields excited by an aperture in or a short, thin 
monopole on a convex conducting surface may be obtained in terms of the surface 
fields due to infinitesimal magnetic or electric current moments on the same surface 
as follows. In the aperture case, let E^(Q") denote the electric field at any point О’ 
in the aperture. One may then define an infinitesimal magnetic current moment 
ар„(О’) as in (133) for the radiation problem. The dp,,(Q’) radiating in the 
presence of the perfectly conducting surface which covers the aperture as well now 
constitutes an equivalent source in the incremental electric and magnetic fields 
dE, (Q|IQ") and dE, (Q|Q"), respectively, at О on the surface. The surface fields 
E,,(Q) and H,,(Q) due to the aperture are then found via an integration of dE,, and 
АН» over the aperture area S,. Thus, 


En(Q) = ||, 48,000) (1642) 


ни) = || „49,010 (1645) 


*Note that dM(Q’) = lim E“(Q’) x fi’ dt’, where dt’ is the infinitesimal circumferential width of an 
n dir 
infinitesimal 2-0 aperture and Е“(О’) is the electric field at О’ in the aperture. 
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Let t be the arc length of the geodesic surface-ray path from Q' to Q as in Fig. 54. 
The expressions in (164a) and (164b) and those for dE, and АН» obtained here 
are valid even for ! — 0. One may likewise define an infinitesimal electric current 
moment dp,(¢’) at О’ again, as done previously in (135) for the radiation problem. 
The dp,(¢’) now constitutes an equivalent source of the incremental electric and 
magnetic fields dE,(Q|¢’) and АН.(016)), respectively, on the surface at О. The 
total fields Е (О) and H,(Q) are obtained by integrating the incremental fields over 
the total length h of the monopole as follows: 


: 
, ЕДО) = | 4Е(0|) (165а) 


апа 


h 
н.о) = | анхоје) (165b) 


If the distance t of the observation point О is far enough away from Q' such that the 
monopole is not directly visible at Q, then 


_ dQIO? [ ("4 ce}. 

E.(Q)l..., = 4р,(О7) ||; ард | ; (166a) 
_ AOI) [(" op 

H.(Q)l.., = dp(Q') ||; ар. | (1660) 


where dp,(Q’) is the value of 4р,(67) at the base of the monopole, i.e., at #' = 0 
or at О’. Since dp,(€) = 1(6')а', it follows that ар.(О’) = (О246, and 
О’) is the current at the base of the monopole. The fields аЕ.(О|О’) and 
dH.(Q|Q") are directly proportional to ар.(О’), and the distance to at which (166a) 
and (166b) may be used is given by to = о„(О')соз”!{о„(О”)/о„(О") + h]). Clearly 
ty can be made small only if h is sufficiently small. Even though the E, and H, in 
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Fig. 54. Surface-ray coordinates. (After Pathak and Wang [39], (O 1981 IEEE) 
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(166a) and (166b) are valid for t > їр, the dE,(Q|Q') and dH,(Q|Q") due to dp.(Q’) 
on the surface are valid even for t > 0 (i.e., О > О’). 

Explicit expressions for the surface fields АН». and dE,, due to a source оп an 
arbitrary convex surface are as follows [39]: 


au,(Qlo^ = “Ёвр,дэ(28, 58 (1 - 2) ve) 
+ (LJ ow + Ave» + ri Lex - ve» 
+ [Дуе + Loo - 22) ow + ave] 
+ 66 + во [тоо уо) осик) |) a 
апа 
ae, (QIQ^) = Заро? (1 - L) vi + re (йе) - ve» 
ЛОТО (168) 


Similarly, the surface fields dH, and dE, due to dp, on an arbitrary convex surface 
are given by [39]: 


dE(QlQ") = Зара] ve) - Губ) 


(уула) + REO - VED || рок) ав) 


апа 
анк”) = Zap cool 4 - Dve + ri (бе) - ve»| 
нао - ve» |Y) o con (170) 
Here, 
бик) = 77 07) 


and 2 is as defined previously in (113) together with (114). Furthermore, 


eae uo eRe 


— 
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D = Vidwo/dn(Q) (1724) 
dn(Q) = oe“ dy (172b) 


In Fig. 55 a pair of infinitesimally separated surface rays adjacent to the central ray 
from Q' at О is shown; these adjacent rays constitute a surface-ray strip (or a 
surface-ray tube), and dy» in (172a) then refers to the angle between these adjacent 
surface rays at the source point О’. On the other hand, dy is the angle between the 
backward tangents to the same pair of adjacent surface rays at the field point О. 

‚ The distance o^ between О and Q. is the geodesic circle at Q. Thus, dn(Q) in 
(172b) denotes the width of the surface-ray strip at Q as discussed previously in the 
radiation configuration (see Table 3 and Fig. 42). In the case of a sphere of radius a, 
one obtains the following simplifications: E = тйа, with т = (ka/2)'?, and 
D = V(tlaysin(t/a). Also, о“ = atan(t/a) for a sphere. For a circular cylinder of 
radius a, one obtains Ё = тшо, along a helical geodesic surface-ray path with 
т = (ко,/2)' and o, = a/sin’a’, with а’ constant along a given helical geodesic 
path on a convex cylinder.* Also, D = 1, and То = To, in which T = (sin 2a')/2a for 
a circular cylinder. The generalized torsion factor Ту for the arbitrary convex 
surface is given by 


То = * |VT«(Q")T«(Q)| (173) 
where the negative sign in (173) is chosen if either То(О’) < 0 ог Т (0) < 0; 


otherwise, the positive sign is chosen. Note that for a general convex surface, one 
employs 


Т (07) = КО о О") (174а) 


(SOURCE 
POINT) 


Fig. 55. Surface-ray strip (or tube). (After Pathak and Wang [39], 1981 IEEE) 


*Here a’ could be either а; or a5, as in Fig. 45a. 
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T ») = finda’ | к. dd | 4 
(00-5 |07) ROD 9 
апа 
1 _ costa’ | sina’ 


040) ^ RO) ^ RAO) due) 


as in Table 2, where a’ is shown in Fig. 40, and R,(Q’) = R;(Q") as in the radia- 
tion problem. Note that То(О) is given by (174a)-(174c) on replacing О’ by О 
therein. A reasonable choice for A, and A, is [39] 


“| RXQ RIO) 
А, = YRO) 0) (50 
Ade (175b) 


in order to interpolate smoothly between the higher-order terms in the canonical 
circular cylinder and sphere solutions. The above choice of A, and A, is also essen- 
tial for recovering the field solution for the planar surface case when R, ; > o. 
The generalized Fock integrals 0(&) and V(£) for the surface fields on an arbitrary 
convex surface which are present in (167)-(170) are given by 


3/2 
ШЕ) = [осо] (8) (176а) 
— kt 2 (176b) 
ro- [amos] YO 
in which 
3/2 ,j3nlA. (со , | 
U(&) = 5 zi [ бу ке e "аг (177) 
and 


3 7-1 æ W,(r) E 
V(é) = ет 178 
© 2үл со ехр(-/2л/3) (т) Hy 


The above functions U(£) and V(&) are tabulated in [40]; furthermore, they can 
be easily computed for large & in terms of a rapidly converging residue series as 
follows [40]: 


V(&) = e 7^ Ул E? У (т)! e lst (179) 
п=1 


Techniques for High-Frequency Problems | 4-89 


U(E) = eyre > e (180) 
V) = ea a? Ў, e (181) 
v «deas? > 0 EE et (182) 
| Ue = e"*wag? Ў (а - pi 3e (183) 


where т, and т’, are zeros of У/;(т) and W3(r), respectively; they are tabulated 
in Chart 2. Note that the sums in (179) - (183) can be truncated at п = 10 without 
losing accuracy. The additional functions U'(£), У'(2), and Уү(5) in (183), (182), 
and (181) are defined by U'(5) = dUldé, V'(£) = АУ(Е/Е, and 


[3л/4 23/2 [= 
vo = | Wate) 


те”) "ат 
œ exp(—j22/3) (т) 


If £ is small and positive, one may employ а small-argument asymptotic expansion 
for the Fock functions as follows [40]: 


үл | d E ы 
_ 1 2 ҮЛ uia 832 ү М ЕЗ ү LU gin p92 — 
У(Е) ~ 1 16 &? + 60 E+ 512 * Е кыз (184) 
үл , 5] 5ул _. 
ot ҮЛ ла вэ? ү 2L ЕЗ 4212 р-н Е9? — 
ЦЕ) ~ 1 2 ё Ё? + 12 & + & ° É гар: (185) 
LAN 7j Тул _. 
29 196 4 ЕЗ2 | "3. g3 || ___-_- јл/4 &9/2 
УЕ) ~ 10e ё 125 77646 Са (186) 
Tn = ler т, = || е”? 
1 2.33811 1.018 79 
2 4.087 95 3.248 19 
3 5.52056 4.820 10 
4 6.78661 6.163 31 
5 7.944 13 7.372 18 
6 9.022 65 8.488 49 
7 10.0402 9.535 45 
8 11.0085 10.5277 
9 11.9300 11.4751 
10 12.8288 12.3848 


Е = = 
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V'(&) 2 SV е-и E + Пе бүл; —jn/4 Е?? 01. (187) 
1 1 45 : 
U'(£) 22 2 үл e лм gu + зе + Бул eris Е?? — (188) 


For Ё = & the residue series representation with the first ten terms in the sum- 
mation may be used. For & S & the small-argument asymptotic expression with 
the first three terms may be used. Here, & is taken to be 0.6, as shown in [40]. 

The above results in (167)-(170), which are available from [39], can be 
modified for even greater accuracy in the paraxial (near axial) regions of quasi- 
cylindrical (or elongated) convex surfaces by adding higher-order terms in т“ !. 
In particular, these higher-order terms to be added to (167), (168), (169), and (170) 
are 


di ар, [2Yob'bC]DGe(Kkt) 


= ik ^ 
AL dp, [2b'AC]DGo(ke) 


AE ap, (2ZoA’ AC]DGo(kt) 
and 

-jk PIN 

Ял Ар, [2 У n bC] DGo(kt) 


respectively, in which 
С = j(4/3)(2 К6,)727 (6,05) tV (E) 


with V'(5) = dV/dé, and with г and 6, as defined later in (189b) and (189c). 

The expressions given above for the surface fields of infinitesimal magnetic and 
electric current moments on an arbitrary convex surface are employed to calculate 
the mutual coupling between a pair of antennas on such a surface. Before pro- 
ceeding to an illustration of the numerical results based on these calculations, it is 
useful to also give an alternative expression for dH,,(Q|Q’) developed in [34] as 
compared with the one in (167) developed in [39], namely 


к? ЯГ 


ан,(010” = j „(0' y: Ect - уко V(£) — (Akt)? U(é) 
+ MK [ve + сє eve) + PEGIKkO[V(5) 


+ (1 — 2jlkt) 0(5) + j(Y2kó,) 7” PU' oll DGe(t) (189) 
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with 
23 kt 1/2 
1n оо don 
б, = [e(Q0,(Q)]'^ (1896) 


бь = [оь(О”)оь(О)]!? (1894) 


Here o, and o, are the surface radii of curvature in the t and b directions as usual, 
which are associated with the surface-ray path. Alternative expressions for dE,,, 
dH,, and dE, are not available in [34]. It is noted that these alternative expressions 
for АН,, in (167) and (189) yield almost the same accuracy. 

Consider a pair of rectangular slots in a smooth, perfectly conducting, convex 
surface. Let the electric field in the aperture of the first slot antenna be Е; likewise, 
let Е denote the aperture distribution in the second slot antenna. If the slots are 
sufficiently short and thin, the dominant mode approximation may be employed for 

Ч and Ес. Thus, 


Ei = Vier, E; = Узе (190) 


where Ууц and У; are the modal voltages associated with the dominant electric 
vector mode functions e, and e; [41]. If the two slots have identical dimensions, 
then e, = е. The expression for the mutual admittance Ү,, between the two slots 
with the first slot transmitting and the second slot short-circuited is [42] 


Ya = -|| : | КОЛО? (191) 


where О’ is any point in the aperture of the first slot, and О is any point in the 
aperture of the second slot which is short-circuited. As before, dH,,(Q|Q’) is 
the surface-magnetic field at Q due to the equivalent source 4р„(О’) at О’; 
furthermore, 


dp,(Q') = Е1(О’) x й' 45, and dp,(Q) = ЕХО) х 145 


The double integrals in (191) are evaluated over the surface areas S, and 5, of the 
two apertures. One notes that Y2; = Ү,›. The result in (191) is also applicable to a 
pair of slots in an array environment provided that the field distribution in each of 
the slot array elements can be approximated by the dominant mode as in (190) and 
the array elements are not too closely spaced. Equation (191) is employed here to 
calculate the isolation 512 (which can be expressed in terms of У) between a pair 
of rectangular slots in a perfectly conducting cone; the developed cone is shown 
in Fig. 56 and the results of the calculations are shown in Figs. 57a and 57b. The 
results for dH,,(Q|Q’) based on (167) are employed in (191) to obtain the curves 
designated by OSU in Figs. 57a and 57b, whereas those based on (189) are 
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Fig. 56. Two rectangular slots on a developed cone. 
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Fig. 57. Coupling coefficient 5, between two circumferential slots on a cone versus 
frequency. (After Pathak and Wang [39] ) (a) Radial separation between slots is IC; - Cj = 
[45.53 — 45.53| = 0 ст, angular separation is фо = 60.8°, and cone half-angle is бо = 12.2°. 
(b) Radial separation between slots is |С, — С = [27.03 — 25.88| = 1.15 cm, angular 


separation is фо = 80°, and cone half-angle is 6) = 11°. (After Pathak and Wang [39], (©) 1981 
IEEE) 
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Fig. 57, continued 


designated by UI in these figures. In addition, the OSU and UI solutions are 
compared in those figures with the measured results and also with calculations 
based on an equivalent cylinder model, both of which were obtained by Golden, 
Stewart, and Pridmore-Brown [43]. The latter measured results are designated by 
EXPT of G-S-PB, and the approximate cylinder model-based calculations are 
designated by G-S-PB in these figures. The diffraction by the cone tip has been 
included in the calculations designated as OSU and UI, respectively. This tip- 
diffraction contribution is essential for obtaining the interference pattern which 
is present in these figures, and it has been calculated via the interpolation formula 
given in [34] pertaining to the cone tip diffraction contribution available from [43]. 
In particular, Y 2^! = Yi2 [of (190)] + Y P, for the tipped cone geometry, where 
[34,43] 


Y? = Y sino, sino; (192) 
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and 
т = (515)'? (e 2) Ё ‚ Sin(kW,/2)sin(kW3/2) е/(п!4 kC – kC) (193) 
~ 9 305 C, Сіп, \ 2л (К//2)(ЕЎ//2) 


in which S, and S, are the areas of the rectangular slots, and the other dimensions 
are illustrated in Fig. 56. The quantity бо in (193) is given by (34, 43] 


о = Ae? (194) 
where 
А = 1.305705! — 1.755 + 2.7720, — 1.459 62 (195) 
and 
В = 2.7195 + 1.4608 6% — 1.1295 08 + 0.656602 (196) 


in which 0, — half-cone angle. 

The mutual impedance Z,, between a pair of thin, short monopoles on a 
convex conducting surface may be calculated as follows. The transmitting 
monopoles are assumed to be sufficiently short and thin such that the currents I, 
and I, on these monopoles of length A, and ћу may be approximated by the 
dominant (sinusoidal) mode currents (i, and i», respectively). Thus, 


I, = Ij i (197a) 
L = Inn b (197b) 
where /,, and 1, are the monopole base currents. Let the first monopole be f'- 
directed on the surface О’; likewise, let the second monopole be fi-directed on the 


surface at О. Then Z3, for the case when the first monopole is transmitting and the 
second one is open circuited is given by 


hı hi 
221 = -| 5 dE.(Q|Q")-dp.(Q)/Ii 1,5 (198) 
where dE,(Q|Q’) is the field at Q due to the equivalent source ар.(О’) at Q' and 
dp-(Q') = hii (Q^) ае (Q")à' (199a) 
арг(О) = ly» (Q) 46(О)й (199b) 


in which d€,(Q’) and 465(О) are the incremental lengths of the two monopoles at 
points Q' and О, respectively. It is assumed that the open-circuited monopole at 
Q scatters negligibly if it is short. 
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UTD Analysis of the Mutual Coupling Between Antennas on a Smooth, Convex 
Surface (2-D Case)—The tangential surface magnetic field H at a point Q [or 
(x, y)] on a perfectly conducting convex cylinder due to a magnetic line source of 
strength dM = 2dM, + tdM, [see (161) and (162)] which is located at О’ [or 
(x', y’)] on the same surface is given in terms of the surface-ray coordinates as [38] 


dH(Q) ~ Cy YodM- (ЂЕ, + Се (200) 


in which b’ = Б for the 2-D case, and / denotes the surface-ray distance from Q' 
to О. The functions С, and F, for the TM, (or dM, excitation) and TE, (or dM, 
excitation) cases, respectively, describe the behavior of the surface field. These 
functions are related to the mutual coupling Fock functions, U and V, respectively, 
as follows: 


~ 


r, = (E) {mo Кол C] ager ve (201) 


апа 


o, = (К) (тор 17) steamy) (00) 


in which U(£) and И(&) are defined earlier in (177) and (178). Near the source, 
Q — О’ (i.e., £— 0 and t — 0); in this case one may use the small-argument 
approximation for U(£) and V(£) as in (185) and (184) to obtain 


: kYodM, [2] »( ma Үл 
' = — z [A би] — erm EX goa 
b-dH(Q) ХӨР 2 abt И 2 5 
7 Wa _. 
" jg a IVR in ЕЭ? ; (203) 
and 
А kYodMa4 j 2j -k ( ла ҮЛ ean 
t =x L L a 607 (1- 657 cm 
ан(0) Esmall 2 kt ул ° nee 2 : 


EXE ве 
+ ipi + вае J Ve ENG a ый (204) 


А more accurate representation for ё — 0 (and t — 0) is possible if one replace the 
large-argument asymptotic form of the Hankel function identified as V2j/ztkt e Ik 
in (203) by Ho (kt), and likewise if one replaces the large-argument asymptotic 
form ( j/kt) V2j/ztkt e 75 in (204) by its corresponding original function H,X(kt)/kt. 
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Such a heuristic modification allows one to obtain the proper singular behavior 
for b-dH(Q) and t-dH(Q) in the immediate neighborhood of the source at Q'. 

Far from the source, where & > 0.6, the rapidly convergent residue series or the 
surface-ray modal expansion representation for V and U in (184) and (185) may be 
used to obtain 


10 
F, => UQex| - | | која | АО) . (205) 
E>>0 n=1 Q’ 
and 
10 Q 
G, => Ls(Q')exp| - | aar | дО) (206) 
E>>0 n=1 Q' 


in which 15" and aj," have been employed earlier in this section [see (143) and 
(144)], whereas Ах” are referred to as the attachment coefficients [37]. It can be 
shown that [37] 


Lh = A^ (207a) 
15 = Аз (207b) 


The attachment coefficient transforms the boundary layer GTD surface-ray field to 
the true field on the surface. The above relationships in (207a) and (207b) are 
consistent with reciprocity. Incorporating (205) and (206) into (200) yields a GTD 
representation for dH(Q) which is valid outside the SSB transition region (see Fig. 
28). 

If an electric line monopole current source of strength ћ'4/,„ as in (159) and 
(160) is placed at О’, then the fi-directed electric field of this source which is 
observed at Q may be expressed as [38] 


dE(Q) ~ CoZoldl mô’) [ñ ће је)“ (208) 


5. The Equivalent Current Method 


The equivalent current method (ECM) is primarily useful for evaluating the 
fields at and near the caustics of diffracted rays since the GTD and its uniform 
versions (UTD, UAT, etc., which remain valid within the GO shadow boundary 
transition regions) predict infinite fields at these caustics and are therefore not valid 
there. It is important, however, to note at the outset that the ECM which employs 
GTD to calculate its equivalent sources (or currents) is a valid procedure for 
evaluating the fields only if the caustic region is not close to the GO shadow 
boundary transition regions; otherwise, one may have to resort to the use of PO 
or its refined version, the PTD. Concepts based on the ECM are also useful for 
correcting the PO solution in a simple manner via a slight modification of the 
original PTD ansatz, as will be described in the next section, which deals with the 
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PTD. In addition, an approach based on the ECM is useful in analyzing many 
other special problems, such as in estimating the modal reflection coefficients of an 
open-ended waveguide, in the formulation of the UTD solution for edge-excited 
surface rays, and in formulating a UTD solution to the problem of the diffraction 
by a vertex which is given under “UTD for Vertices" in Section 4. A detailed 
description of the ECM may be found in [7,8,9]. 

Even though the СТР fails at and near the caustics of diffracted rays, it can be 
employed far from the caustics to calculate the necessary equivalent sources (or 
currents) of the ECM; these equivalent sources are then incorporated into the 
radiation integral [12] to estimate the fields at and near the caustics of diffracted 
rays. Outside the shadow boundary transition regions where this ECM is valid, the 
UTD and UAT reduce to the GTD. Thus the ECM employs GTD to find the 
equivalent sources which radiate the fields at the caustics of diffracted rays in a 
manner analogous to PO, which employs GO to find the source distribution of the 
scattered fields; in fact, the PO method is useful for calculating the fields at the 
caustics of GO rays. Also, the ECM requires an integration over the equivalent 
line sources (or currents) similar to the PO source integration. However, the ECM 
integration is over a line current, whereas the PO integral is over a surface current 
distribution for three-dimensional (3-D) problems. On the other hand, the ECM 
requires no integration for 2-D applications, whereas the PO surface integral 
reduces to a line integral in the 2-D case. It is important to note that away from the 
caustics an asymptotic evaluation of the integration in the ECM yields results which 
generally blend into the GTD solution. Since the ECM corrects the GTD only 
through the caustic regions of the diffracted rays, it is thus preferable to switch from 
the ECM solution to the GTD ray solution away from the diffracted-ray caustic 
regions, where the integration in the ECM becomes inefficient and unnecessary. 


ECM for Edge-Diffracted Ray Caustic F ield Analysis 


Consider a curved edge of a general curved wedge structure which is illuminat- 
ed by an incident electric field Е', as shown in Fig. 58a. Let Н“ denote the incident 
magnetic field which is associated with Е’. As mentioned previously, it is assumed 
in the GTD approximation that the curved wedge (containing the curved edge of 
Fig. 58a) can be modeled locally by a straight wedge whose faces are tangent to 
the surfaces forming the curved wedge at the point of diffraction, and whose edge 
is tangent to the curved edge at that point. Let é denote the unit vector tangent to 
the edge at the point Q of diffraction as in Fig. 58a. The é-directed components of 
the GTD edge-diffracted electric and magnetic fields (E? and НО) at Р are given 
by (44), (45), (67), and (68) as 


e-EKP) = [6 EXQ)) рЫ," В) fa oue 009) 


and 


ё-НАР) = је ној DSH 89 Jae 010 
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Fig. 58. Illustration of the equivalent edge current concept. (a) Diffraction by a curved 
wedge. (b) Equivalent line currents 1е and M, at Q which generate edge-diffracted ray 
fields (E^, H^) as in (a). (c) Contribution to P from an element dé’ at any point is Q' on 
the equivalent edge current. 


In the case of a uniform wedge it can be proved readily that a knowledge of these 
two independent solutions (é- Е“) and (e- H^) is sufficient for obtaining all the 


directed field components in (209) and (210) can be approximated as 
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: e-i" 
ê- ЕР) = [é- E'(Q)] D& ҮТ (211) 
апа 
2 xad i k e^ 
ê- НАР) = [é- H'(Q)] Den wu (212) 


Next, consider a traveling-wave electric or magnetic line current of strength 1, or 
Me, respectively, which is located along the edge tangent (6) at Q as illustrated in 
Fig. 58b. Also, let Ie and Me be of constant magnitude and let them possess a 
constant traveling-wave propagation factor equal to k cos Во (in the 6 direction), 
i.e., let Ip = 16756699 and M, = Moe 5%, where the path € is measured 
in the é direction. Each of these traveling-wave currents radiates a conical 
wave of cone half-angle Во. Furthermore, the field at P can be shown asymptotically 
to be associated with a ray from the point Q on the line source to the point P as 
shown in Fig. 58b. In particular, the line current strengths 1,(0) and МХО), at О, 
generate the following é-directed components of the conical-wave electric and 
magnetic fields ЕР) and НМ(Р) at P, respectively: 


25 17/4 c; —jks* 
ё-ЕЦР)- [205 зав упр ЕЭ (213) 
ё-НМ(Р) ~ | ем које sine “д 7 (214) 


On comparing (211) and (212) with (213) and (214) outside the shadow boundary 
transition regions,* respectively, one obtains readily the strengths of the electric 
and magnetic line currents 10) and М 00) which will generate the edge- 
diffracted fields EZ(P) and НР) of (211) and (212); in particular, 


шо)-(-3 ern) ED ры, во 19) 


sin Bo 


and 


мо) = (те) ER pho.) @® 


sin fo 


*The D*, and D*, are not valid within the ISB and RSB (see Fig. 4a) transition regions; they must be 
replaced by the D.s and Den of the UTD. These D,, and D,, are range (59) dependent because they 
contain Fresnel integrals which involve 54; consequently, the edge-diffracted field within the shadow 


boundary transition regions is not a conical wave as in (211) and (212), and a comparison with (213) and 
(214) is therefore not possible within such regions. 
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It is evident from the above expressions that the currents /, and M, not only 
depend on the position (Q) on the edge, but they also depend on the angles of 
incidence (ф’) and diffraction (9) at the point of diffraction (Q). On the other 
hand, true currents do not depend on the angle of Observation; consequently, the 
above aspect-dependent /, and M, are referred to as the strengths of “equivalent” 
currents which generate the edge-diffracted fields. It was mentioned earlier that a 
knowledge of ê- EZ and ê- HZ(P) is sufficient for generating all the remaining field 
components (which are then transverse to €) via Maxwell's equations. Similarly, 
when both the equivalent currents 10) and МХО), of (215) and (216) above, 
are incorporated into the radiation integrals [12] for obtaining the fields radiated by 
these currents, then they also yield a complete description of the high-frequency 
edge-diffracted fields. It follows that one can employ both the equivalent edge 
currents /, and M, to radiate from every point Q on a curved edge as illustrated in 
Fig. 58c. Unlike the edge-diffracted fields as given by GTD or its uniform versions 
(UTD and UAT), the fields radiated by the "equivalent edge currents" 1140) and 
M-(Q)] remain valid even within the caustic regions of the edge-diffracted rays; 
such a procedure constitutes the ECM for edge-diffraction. 

While the equivalent edge currents I, and M, radiate the edge-diffracted 
fields everywhere exterior to the curved wedge (via the radiation integral 1121), it is 
evident from (215) and (216) that these currents are defined only for observation 
points lying on the Keller edge-diffracted ray cone of half-angle Ву as in Fig. 58b. 
In order to extend the above I, and M, to include observation points which are 
not restricted to lie on the Keller cone of edge-diffracted rays, one must introduce 
an additional angle (of diffraction), В, into the expressions in (215) and (216) for 1, 
and M,. The angle 8 is shown in Fig. 58c.* It is noted that f and Bo are in general 
different (except on the Keller edge-diffracted ray cone which is defined by 
B = fo). A generalization of 1, and M, to include information on В as well as Во 
can be performed heuristically, and in a manner consistent with reciprocity, by 
replacing the factor sin Ду in the previous definition of 1, and M, with the new 
factor Vsin Во sin. With this change the previous /, and M, of (215) and (216) 
are replaced by the new edge currents 1, and М,, as follows: 


L(Q) = (1 /81 4| [6' Е(ОЈ „ Ч 
140) - ( Zo [=e ) /sinBosinB 2509 ; Bo, B) (217) 
and 
y 1 8л 1/4 ê- : 5 , 
мао) = (oy е) О расом ов 
Furthermore, 


H'(Q) = & x Y,E'(Q) 


*Note: В = By НО’ = О. Also, Во at О may not be the same as Во at О’. In general В does not have to 
equal 8, for any point О on the line current. 
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The above relation is true since E/ is assumed to ђе a ray optical field. It is observed 
that РА en in the old definitions of 1; and M, contains the factor (sin Во)! [see (67) 
and (68)] which must also be replaced by (Vsin By sin B) +. Thus, one includes D* eh 
in the new definitions for /, and M, of (217) and (218); the D, contains 
(Vsin Bo sin B) ' instead of just (sin Во) ' as in D£, en. In particular, Dé, en is simply 
related to D^ en as follows: 


sin fo Dhen (O> 9'3 fo) 


D* '. = 
es,eh (ф, $ , Во, В) Vsin fosin f 


(219) 


The electric and magnetic fields Её and H4 radiated by the equivalent edge 
currents of (217) and (218) are found via the radiation integrals [12]; thus, 


d jKZo Â б ў (pvp D y DW e XR , 
БАР) = I [Rx Rx Lt + Yoh x Me] tede (220) 
and 
d —jk > 7 рург $ Ó y гүй! “Ван , 
HAP) = Еф [а х Ie) - YoR x Rx МАСЕ] de? (221) 


The integrations in (220) and (221) are over a closed path .Z formed by a line of 
diffraction as in Fig. 59, i.e., by a ring type of edge discontinuity on the surface of 
the scatterer from which the edge-diffracted rays are produced. If the contour Z is 
not closed, then the end points of the path .Z will contribute to the integrals in (220) 
and (221); these end point contributions may, in some cases, result from incorrectly 
truncating the currents /, and M, on those portions of the edge which are shadowed 
by the surface of the scatterer for a certain range of aspects. In the latter case, 
however, the effect of the rays launched on the surface (i.e., surface rays) which 


/ M m r=rr 
—— (Е, Н) her's! 


R- в 0) 


Fig. 59. Geometry associated with the radiation by the equivalent edge currents /, and 
M, on Z. 
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then undergo edge diffraction must also be taken into consideration so that 7, and 
Me are not truncated, and spurious diffraction effects arising from such improper 
truncation can thereby be avoided. For a point P in the far zone of the scatterer one 
may employ the usual approximations in (220) and (221), namely, 


and 
H2(P) ~ Yof x EXP) 


Here, Р denotes the radiation direction. The quantities Р, Ё, #', Во, and B are shown 
in Fig. 59. Far from the caustic directions, it can be shown that the dominant 
contribution to each of the integrals in (220) and (221) occurs from a few isolated 
stationary points corresponding to points of edge diffraction on Z for which the law 
of edge diffraction (В = Во) holds true, and in that case (220) and (221), in general, 
reduce to the GTD result given by 


N 
d == : ET Оер — jksd 
АР), 2 E‘(Q,)- Dé(Q,) [Fon a (222) 


{тот 
Caustics 


N 
" ad i En / Qep —jksl 
far Yo 2 р х E (Qp) D;(Q,) 540. + 54) e” | (223) 


from 
caustics 


and 


НС(Р) 


The subscript р in (222) and (223) denotes the pth edge diffraction point on .Z for 
which В = Во; away from the caustic direction there are N such points 
(p = 1,2,3, ..., №), where N is a finite number (usually no larger than 4). Within 
the caustic region the entire ring .Z generally contributes to the integrals in (220) 
and (221); these integrals can be evaluated numerically (or analytically in some 
special cases). It is clear that the ECM integrals in (220) and (221) should be 
replaced by the GTD results of (222) апа (223), respectively, when the observation 
point P moves sufficiently far from the caustic of the edge-diffracted rays where the 
numerical integration of (220) and (221) becomes inefficient and unnecessary. 


6. The Physical Theory of Diffraction and Its Modifications 


The physical theory of diffraction (PTD), which constitutes an extension of 
physical optics (PO), was developed originally by Ufimtsev [10, 11] for analyzing 
the high-frequency scattering from conducting surfaces. In particular, the PTD 
refines the PO field approximation just as the GTD refines the GO field 


нэлээн 
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approximation. In the PO technique the currents induced on the surface of a 
scatterer are approximated according to GO as described earlier in Section 3; 
however, it is clear that the GO approximation for the currents would be accurate 
only on the portion of the scatterer which is strongly illuminated by the source, 
whereas it would be totally inaccurate in the shadowed portion of a smooth convex 
surface, where, the GO yields a zero value for the surface current. The GO 
approximation for the surface current is also erroneous within the transition regions 
adjacent to the shadow boundary which divides a smooth convex surface into its 
illuminated (or lit) and shadowed portions; furthermore, it is expected to be 
inaccurate in the regions on the surface where a discontinuity (such as an edge) 
could exist. In the PTD approach, the GO current approximation is improved by 
including a correction which Ufimtsev refers to as a *nonuniform" component of 
the current. This nonuniform component of the current in the PTD formulation is 
supposed to include the effects not accounted for in the GO approximation to the 
surface current. In his original work Ufimtsev [10] considers the effects of the 
nonuniform component of the current only for conducting surfaces with edge type 
discontinuities; in addition, he neglects the effects of surface rays on smooth, 
convex bodies containing edges. Ufimtsev also does not give any expressions for the 
nonuniform component of the current nor does he explicitly integrate over these 
currents to obtain the fields radiated by them; instead, he obtains those fields via 
indirect considerations that are much simpler. The latter considerations involve an 
asymptotic high-frequency analysis of the canonical problem of the diffraction of an 
electromagnetic plane wave by a perfectly conducting wedge. As a result the fields 
of the nonuniform component of the current, as originally obtained by Ufimtsev, 
exhibit a ray optical character and hence become infinite at and near caustics, even 
though, unlike the GTD, they maintain their validity at and near the optical 
shadow boundaries except for grazing angles of incidence. Thus Ufimtsev intro- 
duced caustic matching functions in an ad hoc manner into the fields radiated 
by the nonuniform component of the current to correct for the infinite field 
behavior along the edge diffracted—ray caustic directions. That ad hoc procedure, 
which employs caustic matching functions, can be circumvented via an application 
of the ECM, which employs equivalent line currents deduced from Ufimtsev’s 
expressions for the fields that are radiated far from the caustic by the nonuniform 
component of the current, rather than from GTD as done in Section 5; of course, 
these fields of nonuniform component of the current emanate from a line of 
discontinuity (such as an edge) on the surface of the scatterer. The latter 
modification of Ufimtsev’s work based on the concept of the ECM was also 
suggested in [9], and it will be employed in the present development to modify the 
original version of the PTD. 

The PTD field will be presented here as the superposition of the PO field and 
the field of the ECM which employs Ufimtsev’s diffraction correction to PO instead 
of the GTD for deducing the equivalent line currents. In those situations where the 
PO and ECM type integrals occurring in this PTD approach for edged bodies can 
be evaluated asymptotically, one generally recovers the GTD solution; of course, 
if that asymptotic evaluation is performed in a uniform manner, then the cor- 
responding uniform GTD (i.e., UTD or UAT) solution which remains valid even 
within the GO shadow boundary transition regions may be recovered from the 
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PTD. The GTD (and UTD or UAT) constitutes a far more efficient and physically 
appealing solution than the PTD, which in general requires an integration over 
the GO currents and also over the Ufimtsev-based equivalent line currents. 
Nevertheless, the PTD is very useful for estimating the fields in regions where there 
is a confluence of the transition regions associated with ray caustics and shadow 
boundaries, respectively; it is noted that the GTD, UTD, and UAT all fail in this 
special situation. The PTD also automatically remains valid in the neighborhood of 
the caustics of GO rays, since it contains the PO solution which provides a good ` 
estimate for the dominant fields near the caustics of GO rays associated with edge 
bodies. The PTD also remains valid in the neighborhood of the caustics of edge- 
diffracted rays. However, if the diffracted-ray caustic lies far from the GO shadow 
boundaries, then it is more efficient to employ the ECM of Section 5, which 
employs GTD based equivalent line currents, rather than to use the PTD (which 
involves the PO surface integral). 


PTD for Edged Bodies 


A Canonical Problem in the PTD Formulation—First, consider the 3-D canonical 
problem of the diffraction of an obliquely incident electromagnetic plane wave by 
a perfectly conducting wedge. A PO solution to this problem can be expressed 
formally in terms of the PO integral (over the GO currents) that is evaluated only 
on the illuminated faces of the wedge. Thus, the total PO electric field ЕРО external 
to the wedge becomes 


ЕРО = Е! + Ею (224) 


as in (30), where E’ is the incident field in the absence of the wedge, and the 
scattered field Epo is given by the integral in (30). For the present it is assumed that 
the observation point lies outside the GO shadow boundary transition regions. An 
asymptotic high-frequency evaluation of the integral for Epo far from the GO 
shadow boundaries yields 


Ро ~ — E'(1 — Uj) + E'U, + Еф (225) 
Note that the step functions U; and U, have been defined previously under *GTD 
for Edges” in Section 4. 
Combining (224) and (225) one obtains 
ЕРО ~ E'U; + E'U, + Edo (226) 


where Ego is viewed as the edge-diffracted field, as predicted by PO, at an 
observation point P; it can be expressed as in (57) by 


Efo(P) = E'(Q)- D?9(Q) шин ks" (227) 


54(о. + s^) 


The PO dyadic edge-diffraction coefficient DEO at the point of diffraction О on the 
edge is of the form 


p 
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029 = - Bof, DE? — ф'ф D? (228) 


which is similar to D, of (59c). The precise form of РРО, will be indicated shortly. 
The PO edge-diffracted field Ego arises from the truncation of the GO current by 
the edge. On the other hand, a GTD solution to the same canonical problem yields 
[see (40) and (41) of Section 4] 


Есть ~ E'U; + E'U, + Е (229) 
' where 
d( py — ЕКО). Dk Qe —jks* 
EKP) = E(Q)- БКО) a m e (230) 
Dt = -в № 0% – ф'ф Di, (231) 


The GTD result in (229) together with (230) and (231) constitutes the leading terms 
in the direct asymptotic approximation of the exact solution to this canonical 
problem [25,26], whereas the corresponding asymptotic PO field expression in 
(226) together with (227) and (228) constitutes an asymptotic approximation of a 
PO based solution which in itself is approximate. Thus the diffraction correction to 
ЕРО should now be readily evident from (226) and (229); it is denoted here by Ez 
and is simply obtained by subtracting (226) from (229). In particular, 


E; = Есть — E"? = ЕС z Efo (232) 
or 
EXP) = E(Q)- D: FORET “най (233) 
with 
D: = – вево(ре — ре?) – $'é(D5, – Do? (234a) 
or, more compactly, 
DY = D. – DEO (234b) 


Ufimtsev's PTD ansatz is then essentially based on adding the required diffraction 
correction EZ to ЕРО to arrive at an expression Ертр for the electric field which 
constitutes a refinement over PO; thus 


Ертр = ЕРО + Ef | (235а) 


Or 
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It is important to note the Еро of (235b) in the PTD formulation is left formally as 
an integral over the GO surface current approximation; this is in contrast to Ебтр 
of (229), which employs: rays and requires no integration over the currents. 
Although the EZ above was developed initially for observation points sufficiently 
far from the GO shadow boundaries, it is easily verified that the singularities in the 
nonuniform edge-diffracted fields Е and Efo, which occur at the GO shadow 
boundaries, exactly cancel each other in (232), thereby making Е2 , bounded, 
continuous, and valid at these boundaries (and their associated transition regions). 


PTD for 3-0 Edged Bodies—A PTD analysis of the problem of EM radiation from 
an antenna in the presence of perfectly conducting edge bodies, which are 
otherwise smooth and convex, can be developed directly from the canonical PTD 
wedge solution of (234) due to the local nature of EŻ. Thus ће PTD electric field 
Ертр for edged bodies can be expressed as in (235a) and (235b), namely, 


Ертр(Р) ~ ЕРО(Р) + EXP) (236a) 
where 


—jkR 


R 


ЕРО(Р) = E'(P) + ET | | R x R x а x H'] 


lit 


€ 


48” (2365) 


as in (30), and 


N 
d == i : гүн Oe -j 54 
ЕР) = 2 Е(0,):05(0,) oe Us ^ 3 e * (236c) 


as in (233), except that the above expression in (236c) accounts for all the N 
edge-diffraction points which give rise to N diffracted rays that reach the point P. 
These (p = 1,2, ..., N) points of edge diffraction obey Keller's law of edge 
diffraction so that the field Е“ propagates along the same paths as the СТО 
edge-diffracted rays, i.e., the ray field EZ is associated with the Keller cone of 
edge-diffracted rays as in Figs. 1 and 12. It is important to note once again that Ed 
represents only a correction to the edge-diffracted field as predicted by PO. Since 
Ef is a ray optical type field, it becomes singular at the caustics of edge-diffracted 
rays; therefore a more useful form of Ей which circumvents this problem is 
available from (220) via the concept of the ECM. Thus, more generally, Ez is given 
by 


—jkR 


R 


KZ a eo PORA 
Е“ = $ [R x х EENE + YoR х Mike] 


€ 


dt (237) 


in which the equivalent Ufimtsev type electric and magnetic edge currents /7 
and M! on the edge contour are now defined as in (217) and (218), but with D^, 
and О“, replacing D*. and б*,, respectively, in those equations. Hence, 
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muron (_ /8л м) ЕС) ~, 
ie = ( LE ee) ЈГ Dt. в) бза) 


and 


сиру — mos 8л —jal [é- Не) Зи '. 
use = ( „үе ein) EOL L бө. BoB) 039) 


‚ It is clear from (219) that D‘ en are related to Dé, en via 


912 '. == sin Bo D$ (o. ф'; Во) 
D$ енф,фФ , Во, В) n Vsin Во sin B (240) 


The contour.Z in (237) is shown to be closed; however, if it is nonclosed, then the 
discussion under (221) applies also to this case. The result in (237) remains valid 
along the diffracted-ray caustic directions even if these occur within GO shadow 
boundary transition regions, since Ё and М“ are valid there. On the other hand, 
recall that /, and M, of (217) and (218) are not valid near the GO shadow 
boundaries. Away from the caustic directions it is more efficient to replace (237) by 
its asymptotic approximation given previously in (236c). 

It only remains to give explicit expressions ог D4($, $'; Во) and О „(ф,ф'; 
Bo), which occur in D^ of (234a) and also in the definition of the equivalent 
Ufimtsev type edge currents of (238) and (239), to complete the PTD solution. 
From (234a) and (234b) it is clear that 


Des сеп (Ф, ф’; Во) = тэ рг, «пФ, ф'; Bo) a De; CS ф’; Во) (241) 
The ЁО, is defined as follows: 


maet) e] 
- 2узд sin Bo tan| = + tan| — 
if 0< $' € (Q — л) (or only ф = 0 face is illuminated) 


Disen(, Q’; Bo) = irt ја „(8 x2 m 122-0107) 


if (© — л) <ф' <x (or both faces are illuminated) 


Sas | est) mf 
= 2k sin Bo Ds 2 nM 2 
if л=ф' <Q (or only ф =Q face is illuminated) (242a) 


with 


О = пл (242b) 
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(see Fig. 19). Note that п = 2 for a half-plane. 
The D^ en was defined earlier in (68). It is clear from (219), (240), and (234) 
that 


Dio, ф'; Bo, В) = у 


(243) 


апа 


ре; es ен (Ф, ф'; Bo, B) = Des MIC $'; Bo, B) — Des. оф, ф'; Во, В) (244) 


РТР for 2-0 Edged Bodies— The РТО analysis of the problem of the radiation by a 
line source in the presence of a perfectly conducting 2-D structure with edges is 
similar to that in (236a), (236b), and (236c) except that (236b) becomes the 
following in the 2-D case [see (36)]: 


ЕРО(Р) = E(P) + — Ka Zo | [R x R x Qà' x H)]HO(kR)dt' (245) 
and (236c) reduces in the 2-D case to 


Ч 


а i u 
ЕР) = p E‘(Q,)-D“(Q,) 5 a 


It is noted that there is no diffracted-ray caustic in the 2-D case; hence there is no 
need for any integration as in (237) for calculating EZ. 

Results based on an application of the PTD for analyzing some simple antenna 
problems are illustrated in Figs. 60 through 63. Fig. 60 shows a comparison of 
the PTD and UTD based far-zone radiation pattern calculations for a 2-D para- 
bolic reflector excited by a magnetic line source at the focus; furthermore, an 
independent formally exact moment method solution to this problem is also 
included in that figure for comparison. Outside the diffracted-ray caustic regions 
and exterior to the regions of confluence of diffracted-ray caustics with the GO 
shadow boundaries and/or GO ray caustics, a uniform asymptotic evaluation of the 
PO integral in the PTD solution generally allows the PTD solution to yield the 
leading terms of the UTD solution. 

Finally, it may be mentioned that effects of slope edge diffraction can be 
incorporated in the equivalent currents of the ECM of Section 5; such a modifica- 
tion can also be similarly employed to include a slope diffraction correction to the 
Е term of the PTD. It is noted that E"? of the PTD inherently contains partial 
information on the slope diffraction effects just as it does on the ordinary edge 
diffraction [via Ego; see (226)]. Since these slope diffraction effects are not treated 
in this section dealing with the PTD, the results of this section are therefore valid if 
those effects are negligible; otherwise, their effects must be included. 


(246) 
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hysical Constants 


Quantity Symbol - Value 
Speed of light in vacuum с 2.997925 x 10®т^! 
Electron charge e 1.602192 x 10? C 
Electron rest mass m, 9.109558 x 1073! kg 
Boltzmann constant k 1.380622 x 1072 JK 
Dielectric constant in vacuum є) 8.854185 х 10" Ет! 
=(36л х 10)! Fm"! 
Permeability in vacuum Ho 4л х 1077Нш! 


International System of Units (SI Units): Basic Units 


Quantity Symbol Units 
Length € meters (m) 
Mass m kilograms (kg) 
Time t seconds (s) 
Electric current 1 amperes (A) 
Temperature T kelvins (K) 
Luminous intensity I candelas (cd) 


*On leave from the Chinese Aeronautical Laboratory, Beijing, China, during 1983. 
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Derived Units in Electromagnetics 
Quantity 


Electric-field strength 
Magnetic-field strength 
Electric-flux density 
Magnetic-flux density 
Electric-current density 
Magnetic-current density 
Electric-charge density 
Magnetic-charge density 
Voltage 

Electric current 
Dielectric constant (permittivity) 
Permeability 
Conductivity 

Resistance 

Inductance 

Capacitance 

Impedance 

Admittance 

Power 

Energy 

Radiation intensity 
Frequency 

Angular frequency 
Wavelength . 

Wave number 

Phase shift constant 


Symbol 


Е ROBO 
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Units 


volts per meter (V/m) 

amperes per meter (A/m) 
coulombs per meter squared (C/m?) 
teslas (T) = Wb/m? 

amperes per meter squared (A/m?) 
volts per meter squared (V/m?) 
coulombs per meter cubed (C/m?) 
webers per meter cubed (Wb/m?) 
volts (V) 

amperes (A) 

farads/meter (F/m) 

henrys/meter (H/m) 

siemens per meter (S/m) = 25/т 
ohms (Q) 

henrys (H) 

farads (F) 

ohms (9) 

siemens (S) or mhos (5) 

watts (W) 

joules (J) 

watts per steradian (W/sr) 

hertz (Hz) 

radians per second (rad/s) 

meters (m) 

1 per meter (m^!) 

radians per meter (rad/m) 


Attenuation factor nepers per meter (Np/m) 
UUT 


E 
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Conversion of Length Units 
ERE aCad EE HM a RR 


Meters Centimeters Inches Feet Miles 
1 100 39.37 3281 6.214 х 1074 
0.01 1 0.3937 3.281 x 1072 
0.0254 2.540 1 8.333 x 1072 
0.3048 30.48 12 1 1.894 x 10-4 
1609 5279 1 
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Metric Prefixes and Symbols* | 
ŘS 


Multiplication Factor Prefix | Symbol 
1018 еха Е 
105 peta P 
10? tera T 
10? giga G 
106 тера M 
10? kilo k 
10? hecto h 
10 deka da 
107! deci d 
107? centi c 
1073 milli m 
1076 . micro u 
107? nano n 
10712 рїсо р 
10-5 femto f 
10-18 atto a 


*From [EEE Standard Dictionary of Electrical and Electronics Terms, p. 682, The Institute of 
Electrical and Electronics Engineers, Inc., 1984. 
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The wavelength of an electromagnetic wave in free space is До = c/f. 


_ 300000 _ 30 а – 30 
f(kHz) X f(MHz) Д/(ОН>) 
_ 9.843 x 10°, 9.843 x 10? 11.81 . 


f(kHz) ~ f(MHz f(GH2 


ст 


The wave number of an electromagnetic wave in free space: Ко = оүцоєо = 
2r fic. 


ko = f(Hz) x 2.0944 x 10 ? m^! = f(kHz) x 2.0944 х 10-5 шт! 
= f(MHz) х 2.0944 x 10 ^m^! = f(GHz) х 20.944 m^! 
= f(Hz) x 6.383 x 10 ?ft^! = ККН2) x 6.383 х 1076 ft! 
= f(MHz) x 6.383 х 10^? ft^! = f(GHz) x 6.3838 " 
= f(GHz) x 0.532in! 


*On leave from the Chinese Aeronautical Laboratory, Beijing, China, during 1983. 
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Nomenclature of Frequency Bands 


Adjectival Designation 


Frequency Range Metric Subdivision Wavelength Range 
elf: Extremely low frequency 30 to 300 Hz 


Megametric waves 10000 to 1000 km 
vf: Voice frequency 300 to 3000 Hz 1000 to 100 km 
vlf: Very low frequency 3 to 30 kHz Myriametric waves 100 to 10 km 
If: Low frequency 30 to 300 kHz Kilometric waves 10 to 1 km 
mf: Medium frequency 300 to 3000 kHz Hectrometric waves 1000 to 100 m 
hf: High frequency 3 to 30 MHz Decametric waves 109 to 10 m 
vhf: Very high frequency 30 to 300 MHz Metric waves 10 to 1 m 
uhf: Ultrahigh frequency 300 to 3000 MHz — Decimetric waves 100 to 10 cm 
shf: Superhigh frequency 3 to 30 GHz Centimetric waves 10 to 1 cm 


ehf: Extremely high frequency 30 to 300 GHz Millimetric waves 10 to 1 mm 


300 to 3000 GHz Decimillimetric waves 1 to 0.1 mm 


Standard Radar-Frequency Letter Bands* 


Band Nominal 
Designation Frequency Range 
hf 3-30 MHz 
vhf 30-300 MHz 
uhf 300—1000 MHz 
L 1000-2000 MHz 
S 2000—4000 MHz 
C 4000—8000 MHz 
X 8000-12000 MHz 
K, 12.0-18 GHz 

K 18-27 GHz 

K, 27-40 GHz 


Millimeter 


40—300 GHz 
*Reprinted from ANSI/IEEE Std. 100- 


1984, IEEE Standard Dictionary of Electrical and 
Electronics Terms, (© 1984 by The Institute of Electrical and Electronics Engineers, Inc., by 
permission of the IEEE Standards Department. 
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Television Channel Frequencies* 


Channel Band 
Number! (MHz) 


Channel Band 
Number' (MHz) 


Channel Band 
Number' (MHz) 


54-60 29 560—566 57 728—734 

60—66 30 566-572 58 734—740 

4 66-72 31 572-578 59 740—746 
5 76—82 32 578-584 60 746—152 
6 82-88 33 584—590 61 752—758, 
7 174-180 34 590—596 62 758—764 
8 180—186 35 596—602 63 764—770 
9 186—192 36 602-608 64 770-776 
10 192-198 37 608—614 65 776-782 
11 198-204 38 614-620 66 782—788 
12 204-210 39 620—626 67 788—794 
13 210-216 40 626-632 68 794—800 
14 470—476 41 632—638 69 800—806 
15 476-482 42 638—644 70 806-812 
16 482—488 43 644-650 71 812-818 
17 488—494 44 650-656 72 818—824 
18 494—500 45 656-662 73 824-830 
19 500-506 46 662—668 74 830-836 
20 506-512 47 668—674 75 836-842 
21 512-518 48 674—680 76 842-848 
22 518-524 49 680—686 TI 848-854 
23 524-530 50 686-692 78 854-860 
24 530—536 51 692—698 79 860—866 
25 536—542 52 698—704 80 866—872 
26 542-548 53 704-710 81 872-878 
27 548—554 54 710-716 82 878—884 
28 554—560 55 716—722 83 884—890 


722-728 


*Note: The carrier frequency for the video portion is the lower frequency plus 1.25 MHz. The 
audio carrier frequency is the upper frequency minus 0.25 MHz. АП channels have a 6- MHz 
bandwidth. For example, channel 2 video carrier is at 55.25 MHz and the audio carrier is at 
59.75 MHz. 

*Channels 2 through 13 are vhf; channels 14 through 83 аге uhf. Channels 70 through 83 were 
withdrawn and reassigned to tv translator stations until licenses expire. 


Appendix С 


Electromagnetic Properties 
of Materials | | 


Yi-Lin Chen 


University of Illinois" 


Resistivities and Skin Depth of Metals and Alloys 


Resistivity* Skin Depth' 
Miers = EL i г 
Aluminum 2.62 2.576 
Brass 7.5 4.3586 
(6696 Cu, 34% Zn) 
Copper 1.7241 2.0898 
Gold 2.44 2.4861 
Iron 9.71 4.9594 
Nickel 6.9 4.1807 
Silver 1.62 2.0257 
Steel 13-22 5.7384— 71.465 
(0.4–0.5% C, balance Fe) 
Steel, stainless 90 15.0988 
(0.1% C, 18% Cr, 8% Ni, balance Fe) 
Tin 11.4 5.3737 
Titanium 47.8 11.0036 


E ——M—————————————————— 


*In solid form at 20°C; resistivity = (conductivity) '. 


*Skin depth ô = (zuof) "> = (20л) ' (ај(6Н2)] "2 m. The és in the column are calculated at 


f = 1 GHz. For other frequencies, multiply them by [f(GHz)]- ^. 


*On leave from the Chinese Aeronautical Laboratory, Beijing, China, during 1983. 
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C6 7 Appendixes 


Properties of Soft Magnetic Metals* 


Permeability Coercivity Retentivity Bmax Resistivity 


Name Composition (%) Initial Maximum H.(A/m)  B,(T) (T) (uQ-cm) 
Ingot iron 99.8 Fe 150 5000 80 0.77 2.14 10 
Low carbon steel 99.5 Fe 200 4000 100 — 2.14 12 
Silicon iron, 3 Si, bal Fe 270 8000 60 — 2.01 47 
unoriented 
Silicon iron, 3 Si, bal Fe 1400 50000 7 1.20 2.01 50 
grain oriented ‘ 
4750 alloy 48 Ni, bal Fe 11000 80000 2 — 1.55 48 
4-79 Permalloy — 4 Mo, 79 Ni, bal Ее 40000 200 000 1 — 0.80 58 
Supermalloy 5 Мо, 80 Ni, bal Fe 80000 450000 0.4 - 0.78 65 
2V-Permendur 2У, 49 Co, bal Fe 800 8000 160 — 2.30 40 
Supermendur 2V, 49 Со, bal Ее -- 100 000 16 2.00 2.30 26 
Metglas' 2605SC Feg;B;, 56 5С, — 210000 14 1.46 1.60 125 
Metglas‘ 26055-3 Fe79B,¢Sis — 30000 8 0.30 1.58 125 


*Reproduced with permission of the publisher, Howard W. Sams & Company, Indianapolis, 
Reference Data for Engineers: Radio, Electronics, Computer, and Communications, 7th ed., by E. 
C. Jordan, ed., © 1985. 


*Metglas is Allied Corporation's registered trademark for amorphous alloys. 
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Appendix D 


Vector Analysis 


Yi-Lin Chen 


University of Illinois" 


1. Change of Coordinate Systems 


The transformations of the coordinate components of a vector A among the 
rectangular (x, у, 2), cylindrical (0,0, z), and spherical (r, 0,9) coordinates are 
given by the following relations (see Fig. 1): 


A, = Ag cos ó — Agsing = А,ѕіпӨсоѕф + Аосоѕ0соѕф — Ag sin 
A, = Agsing + Афсоѕф = А,ѕіпӨѕіпф + Авсоѕ Өѕіпф + Афсоѕф 


х 


Fig. 1. Rectangular, cylindrical, and spherical coordinate systems. 


*On leave from the Chinese Aeronautical Laboratory, Beijing, China, during 1983. 


0-2 — Appendixes 
A, = A,cos@ — Agsin@ 
Аб = А,соѕф + A,sinó = A,sinO + Agcos0 
Ag = —A,sing + А,со8ф 
А, = A,sin8cosó + Aysin@sing + A,cos@ = A,sin0 + A,cos0 
Ag = А„со$ Өсоѕф + A,cosOsinó — А, ѕіпӨ = А,соѕ0 — A,sinO 


Differential element of volume: 
dV = dxdydz = одоафаг = г? ѕіп Ө dr d0 аф 
Differential element of vector area: 


dS = хауаг + уахаг + idxdy 
= боафа: + фаоаг + 20 40 4ф 
= £r?sin0d0dó + ӨтзїпӨагаф + фгагад 


Differential element of vector length: 


46 = хах  $dy + àdz 

= бао + фоаф + га; 

= Ра; + Órd0 + фтапбаф 
2. V Operator 


In rectangular coordinates (x, y, z): 


д 
vo = (47+ у— + 231 
Хөх Yay taz 
V.A = 2 ү 9A, , 9A. 
дх ду д2 
ху 2 
9 9 9 
ухА=|— > > 
дх ду 92 
А„ А, А, 


ve-vve = (эу + 545 
9х? ду: oz 
WA = VA, + УУ?А, + 2V^A, 


In cylindrical coordinates (o, $, z): 


Appendixes — | D-3 


19 18A, дА 
V-A = -—(0A,) + - — 2 + —— 
с ag €^9 + о өф * өг 
ó оф à 
19 ð ð 
VXA-2-L — 
opo дф ð 
e оА„ А 
„ [1 дА, 44) 1e: 24) 112 134.1 
= = еер а оо 2226: + 2|- — (0A e D 
ЈЕ дф д2 92 до о ag € o) о дф 
1 ð ( ӘФ 1906 9Ф 
ve 18 (05) + тя + от 
о дол до) о? ag? Әг? 


VA = V-A- Vx V x А + QVA, + ФУА + 27А, 


In spherical coordinates (r, Ө, ф): 


„9 al 0 a 1 89 
Mies ЦЭ тт. 2)? 
д 1 ð дА 
У.А = – —(7?А,) + —(Agsin@) + — 
^ Бэр" А) rsin Ө 204991 ) г5іп Ө дф 
г rÔ (3т0)Ф 
10 ð д 
VXA--L—L-—- АТ 
ХА ZunOjr 90 9ф 
‚ ГАо (rsin8)A 
. 1 д : 29 HI 1 ФА, д | 
= — — — | + -| —— — - — 
ккө [ag (A sn 9) 9Ф P sinü дф ar A9 
~1] 0 дА, 
4 eren» T 23 
1 0 ( ,0Ф 1 9 9Ф 1 e 
ro Ale) + agli) хада 
TE OP саг r^ sin Ө 90 92050 r^sin?0 оф: 


“ЗА = УМА — V x V x A + УА, + ÓVA, + фУА, 


3. Identities 


ађхс=ахђе=ђеха 


ах (b x c) = (а:с)Ь — (а-Ъ)с 
(a x b) (сха)=ађх (сха) =а-[(Ъ:4)с – (b-c)d] = (a-c)(b-d) – (a-d)(b-c) 
(a X b) x (ex d) = (a x b-d)c— (aX b-e)d 
У(Ф+у) =УФ+Уу 
У(Фу) = ФУЏ + ЏУФ 
У. (а+Ъ) =У-а+ УВ 


Appendixes 


Vx(a+b)=Vxa+Vxb 
У. (Фа) =а-УФ + ФУ а 
Ух (Фа) =УФ ха+ ФУ ха 
V(a-b) = (a-V)b + (b-V)at+ax (V x b) +b x (V xa) 
Ух (a X b) 2 aV-b — БУ-а + (b-V)a — (a-V)b 
V-(aX b)=b-V ха–а' У хђ 
УхУха= 79-а – Va 
УхУФ=0 
У.Уха=0 


| | | vadv=¢h а-45 (Gauss's theorem) 
у 5 


] ] ага ф ard? — (Stokes's theorem) 
Green's first and second identities: 
[|| етө + Фугруау = $ ФУур-а8 
[|| өхлтхв-дтхүхвэаг-| | vaxvxmav 
= pa x V x B-dS 


| (BVXVXA-A-VXVXB)dV=$ (АХУХВ—ВХУХА) ·- 25 
У 5 


| 
| 


Appendix E 


VSWR Versus Reflection 
Coefficient and Mismatch 
Loss 


Yi-Lin Chen 


University of Illinois" 


The following relations are used in the construction of the vswr table below. 


| уа. 
1- Г} vswr + 1 


mismatch loss (dB) = —101log;o(1 — |Г|?) 


VSWR Versus Reflection Coefficient (D) and Mismatch Loss 


Mismatch Mismatch 
VSWR |Г| Loss (dB) VSWR Г] Loss (dB) 


1.02 .0099 .0004 1.13 .0610 .0162 
1.03 .0148 .0009 1.14 .0654 .0186 
1.04 .0196 .0017 1.15 .0698 .0212 
1.05 .0244 .0026 1.16 .0741 .0239 
1.06 .0291 .0037 1.17 .0783 .0267 
1.07 .0338 .0050 1.18 .0826 .0297 
1.08 .0385 .0064 1.19 .0868 .0328 
1.09 .0431 .0081 1.20 .0909 .0360 
1.10 .0476 .0099 1.21 .0950 .0394 
1.11 .0521 .0118 1.22 .0991 .0429 


*On leave from the Chinese Aeronautical Laboratory, Beijing, China, during 1983. 
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VSWR Versus Reflection Coefficient (Г) and Mismatch Loss (cont'd.) 


Mismatch Mismatch 
VSWR Г Loss (dB) VSWR Ir| Loss (dB) 


1.32 .1379 .0834 1.82 

1.33 .1416 .0880 1.83 

1.34 .1453 .0927 1.84 

1.35 .1489 .0974 1.85 

1.36 .1525 .1023 1.86 

1.37 .1561 .1072 1.87 

1.38 .1597 .1121 1.88 

1.39 .1632 .1172 1.89 

1.40 .1667 .1223 1.90 

1.41 .1701 .1275 1.91 

1.42 .1736 .1328 1.92 

1.43 .1770 .1382 1.93 

1.44 .1803 .1436 1.94 

1.45 .1837 .1490 1.95 

1.46 .1870 .1546 1.96 

1.47 .1903 .1602 1.97 

1.48 .1935 .1658 1.98 

1.49 .1968 .1715 1.99 

1.50 .2000 .1773 2.00 : 

1.51 .2032 .1831 2.05 .3443 5479 
1.52 .2063 .1890 2.10 .3548 5844 
1.53 .2095 .1949 2.15 3651 6212 
1.54 .2126 2009 2.20 3750 6582 
1.55 .2157 .2069 2.25 3846 6952 
1.56 .2188 .2130 2.30 3939 7324 
1.57 .2218 .2191 2.35 4030 7696 
1.58 .2248 .2252 2.40 4118 8069 
1.59 .2278 .2314 2.45 4203 8441 
1.60 .2308 .2377 2.50 4286 8814 
1.61 .2337 .2440 2.55 .4366 9186 
1.62 .2366 .2503 2.60 .4444 9557 
1.63 .2395 .2566 2.65 .4521 9928 
1.64 .2424 .2630 2.70 4595 1.0298 
1.65 .2453 .2695 2.75 4667 1.0667 
1.66 .2481 .2760 2.80 4737 1.1035 
1.67 

1.68 

1.69 

1.70 

1.71 

1.72 


Appendixes E-3 
VSWR Versus Reflection Coefficient (Г) and Mismatch Loss 
Mismatch Mismatch 
VSWR Іг Loss (dB) VSWR Ir| Loss (dB) 
3.30 .5349 1.4636 8.10 „7802 4.0754 
3.40 .5455 1.5337 8.20 .7826 4.1170 
3.50 .5556 1.6030 8.30 .7849 4.1583 
3.60 .5652 1.6715 8.40 7872 4.1992. 
3.70 .5745 1.7393 8.50 .7895 4.2397 
3.80 .5833 1.8064 8.60 .7917 4.2798 
3.90 .5918 1.8727 8.70 .7938 4.3196 
4.00 .6000 1.9382 8.80 .7959 4.3591 
4.10 .6078 2.0030 8.90 .7980 4.3982 
4.20 .6154 2.0670 9.00 .8000 4.4370 
4.30 6226 2.1302 9.10 .8020 4.4754 
4.40 6296 2.1927 9.20 .8039 4.5135 
4.50 .6364 2.2545 9.30 .8058 4.5513 
4.60 .6429 2.3156 9.40 .8077 4.5888 
4.70 .6491 2.3759 9.50 .8095 4.6260 
4.80 .6552 2.4355 9.60 .8113 4.6628 
4.90 .6610 2.4945 9.70 .8131 4.6994 
S.00 .6667 2.5527 9.80 ‚8148 4.7356 
5.10 ‚6721 2.6103 9.90 ‚8165 4.7716 
5.20 ‚6774 2.6672 10.00 .8182 4.8073 
5.30 .6825 2.7235 11.00 .8333 5.1491 
5.40 .6875 2.7191 12.00 .8462 5.4665 
5.50 6923 2.8340 13.00 .8571 4.7625 
5.60 .6970 2.8884 14.00 .8667 6.0399 
5.70 .7015 2.9421 15.00 .8750 6.3009 
5.80 . 7059 2.9953 16.00 .8824 6.5472 
5.90 7101 3.0479 17.00 .8889 6.7804 
6.00 7143 3.0998 18.00 .8947 7.0017 
6.10 7183 3.1513 19.00 .9000 7.2125 
6.20 7222 3.2021 20.00 .9048 7.4135 
6.30 7260 3.2525 30.00 .9355 9.0354 
6.40 7297 3.3022 40.00 .9512 10.2145 
6.50 .7333 3.3515 50.00 .9608 11.1411 
6.60 7368 3.4002 60.00 .9672 11.9045 
6.70 .7403 3.4485 70.00 .9718 12.5536 
6.80 .7436 3.4962 80.00 .9753 13.1182 
6.90 7468 3.5435 90.00 .9780 13.6178 
7.00 .7500 3.5902 100.00 .9802 14.0658 
7.10 .7531 3.6365 200.00 .9900 17.0330 
7.20 .7561 3.6824 300.00 .9934 18.7795 
7.30 .7590 3.7277 400.00 .9950 20.0217 
7.40 .7619 3.7727 500.00 ‚9960 20.9865 
7.50 „7647 3.8172 600.00 ‚9967 21.7754 
7.60 7674 3.8612 700.00 .9971 22.4428 
7.70 7701 3.9049 800.00 .9975 23.0212 
7.80 7727 3.9481 900.00 .9978 23.5315 
7.90 7753 3.9909 1000.00 .9980 23.9881 
8.00 7778 4.0334 


Appendix Р 


Decibels Versus Voltage 
and Power Ratios" 


Yi-Lin Chen 


University of Illinoist 


The decibel chart below indicates decibels for any ratio of voltage or power 
up to 100 dB. For voltage ratios greater than 10 (or power ratios greater than 100) 
the ratio can be broken down into two products, the decibels found for each 
separately, the two results then added. For example, to convert a voltage ratio of 
200:1 to dB, a 200:1 voltage ratio equals the product of 100:1 and 2:1. Now, 100:1 
equals 40 dB; 21:1 equals 6 dB. Therefore a 200:1 voltage ratio equals 40 dB + 
6 dB, or 46 dB. 


dB = 20102 (voltage ratio) = 10log,o(power ratio) 


*Reprinted with permission of Microwave Journal, from The Microwave Engineer's Handbook and 
Buyer's Guide, 1966 issue, (C) 1966 Horizon House- Microwave, Inc. 
*On leave from the Chinese Aeronautical Laboratory, Beijing, China, during 1983. 
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Abbe sine condition 
with lenses, 16-19 to 16-23, 16-29, 16-56, 
21-18 
radiation pattern of lenses obeying, 
19-97 to 19-99 
Aberrations with lenses, 16-12 to 16-19, 
21-23. See also Coma lens aberrations 
Absolute gain measurements, 32-42 to 
32-49 
Absolute models, 32-69 
Absolute polarization measurements, 32-60 
to 32-61 
Absorbers with UTD solutions, 20-17 
Absorption 
of ionospheric propagation, 29-24 
of satellite-earth propagation, 29-8 
ACS (attitude control systems), 22-46 
Active element patterns 
of periodic arrays, 13-6 
with phased arrays, 21-8 
Active region 
with log-periodic antennas 
dipole, 9-17 to 9-21, 9-24 
mono arrays, 9-65 
phasing of, 9-56 
zigzag wire, 9-35 to 9-36 
with log-spiral antennas, 9-75 
conical, 9-83, 9-84, 9-98 to 9-99 
Adcock rotating antennas systems, 25-4, 
25-9 to 25-10 
for in-rotating null patterns, 25-11 to 
25-12 
Admittance 
of edge slot arrays, 12-26 
of medium, 1-18 
mutual, between slots, 4-91 
of ridged TE/TM waveguides, 28-47 
of thin-wire antennas, 7-7 to 7-8, 7-14 to 
7-15 
of transmission lines, 9-47 to 9-49, 28-5 
Admittance matrices, 3-61 


and symmetries, 3-65, 3-67 to 3-68 
Admittivity and dielectric modeling, 32-72 
Advanced microwave sounding unit, 

22-25, 22-48 
Advanced Multifrequency Scanning 
Radiometer (AMSR), 22-48, 22-50, 
22-51 to-22-52 
AF method. See Aperture field method 
Airborne Radiation Pattern code, 20-4, 
20-70 to 20-85 
Air coaxial transmission lines, 28-16 
Aircraft and aircraft antennas 
blade antennas, 30-12, 30-16 to 30-19 
EMP responses for, 30-4, 30-6, 30-17 to 
30-31 
interferometers mounted on, 25-21 to 
25-23 

military, simulation of, 20-78 to 20-88 

modeling of, 32-74 to 32-76, 32-79 to 32-86 

monopoles, 20-62 to 20-68, 20-70, 20-73 

to 20-75, 20-87 to 20-88 

numerical solutions for, 20-70 to 20-90 

radomes on, 31-3 to 31-4 

simulation of, 20-30, 20-37 to 20-42, 

20-63 to 20-65 
structure of, as antenna, 20-61 
Air gap with leaky-wave antennas, 17-97 
to 17-98 
Airport radar, antennas for, 19-19, 19-56 
Air striplines, 21-58, 21-60 
for power divider elements, 21-50 to 
21-51 

with satellite antennas, 21-7 
Air traffic control antennas, 19-19, 19-56 
Alignment of antenna ranges, 32-33 to 

32-34 
Aluminum alloys for satellite antennas, 
21-28 to 21-29 
AM antennas 
directional feeders for, 26-37 to 26-47 


ground systems for, 26-37 T 


|-2 


AM antennas (сопг.) 
horizontal plane field strength in, 26-33 
to 26-34 
patterns for 
augmented, 26-36 
size determination of, 26-22 to 26-33 
standard, 26-35 to 26-36 
theoretical, 26-34 to 26-35 
two-tower, 26-22 
power for system losses in, 26-36 to 26-37 
Sky-wave propagation with, 29-25 to 
29-27 
standard reference, 26-3 to 26-22 
Ammeters, 2-30 to 2-32 
Amplitude meters, 2-30 to 2-32 
Amplitude patterns, measurement of, 
32-39 to 32-41 
Amplitude quantization errors, 21-12 
Amplitude source, ideal, 2-29 to 2-30 
AMSR, 22-48, 22-50, 22-51 to 22-52 
AMSU (advanced microwave sounding 
unit), 22-25, 22-50, 22-51 to 22-52 
Analytical formulations of modeling codes, 
3-89 
Analytical validation of computer code, 
3-76 i 
Anechoic chambers for indoor ranges, 
32-25 to 32-28 
evaluation of, 32-38 to 32-39 
Angles with log-periodic antennas, 9-12, 
9-14, 9-15, 9-23 
Annular patches for microstrip antennas, 
10-43 to 10-45 
characteristics of, 10-17 
resonant frequency for, 10-47, 10-48 
Annular phased array applicator for medi- 
cal applications, 24-16 to 24-18 
Annular-sector patches for microstrip an- 
tennas 
characteristics of, 10-17 
resonant frequency of, 10-47, 10-49 
Annular slot antennas, 30-13 
Antarctica, brightness temperature image 
of, 22-15 
Antenna arrays. See Arrays 
Antenna ranges. See Ranges, antenna 
Antenna sampling systems for feeder sys- 
tems, 26-41 to 26-44 
Antipodal fin lines, 28-55 
Aperiodic arrays, 14-3 to 14-6 
linear arrays as, 11-41 
optically fed, 19-57 to 19-59 


probabilistic approach to, 14-8 to 14-35 
space-tapered, 14-6 to 14-8 
Aperture antennas, 5-5 
and discrete arrays, 11-29 to 11-30 
optimization of, 11-74 
Aperture blockage, 5-16 
with Cassegrain feed systems, 19-62 
in compact ranges, 32-29, 33-23 
with HIHAT antennas, 19-87 ' 
and lens antennas, 16-5, 21-16 
with millimeter-wave antennas, 17-28 
and offset parabolic antennas, 15-80 
dual-reflector, 15-61 
with off-focus feeds, 15-58 
with phased array feeds, 19-60 to 19-61 
with reflector antennas, 15-17 to 15-18 
and space-fed arrays, 19-54 to 19-55 
Aperture couplers power division ele- 
ments, 21-51 to 21-52 
Aperture distributions. See Apertures and 
aperture distributions 
Aperture efficiency 
of dielectric-loaded horn antennas, 8-73 
and effective area, 5-27 to 5-28 
of geodesic antennas, 17-32 
with lenses, 16-19, 16-20 
with offset phased-array feeds, 19-61 
and parallel feed networks, 19-6 
with reflector antennas, 21-24 to 21-25 
and reflector surface errors, 15-105 
Aperture field method, 5-5 
for pyramidal horn fields, 15-92 to 15-93 
with reflector antennas, 8-72, 15-7, 15-13 
to 15-15 
Aperture fields, 15-88 
for circular arrays, 21-92 
for circumferential slots, 21-92 
of horn antennas 
conical, 15-93 
corrugated, 8-53 
E-plane, 8-5 to 8-7 
H-plane, 8-20 
pyramidal, 8-34, 8-36 
Aperture-matched horn antennas, 8-50, 8-64 
bandwidths of, 8-65 to 8-66 
radiated fields of, 8-58, 8-66 to 8-67 
vswr of, 8-68 
Apertures and aperture distributions, 
11-13. See also Circular apertures; 
Planar apertures; Tapered aperture 
distributions; Uniform aperture distri- 
butions 


with Butler matrix, 19-8 
on curved surfaces, 13-50 to 13-51 
efficiency of. See Aperture efficiency 
electric and magnetic fields їп, 5-8 
with feed systems 
radial transmission line, 19-28, 19-31, 
19-33 
semiconstrained, 19-17 
unconstrained, 19-51 
and gain, 5-26 to 5-27, 17-7, 17-8 
illumination of, 13-30 to 13-32, 13-36 to 
13-37 
with lens antennas, 21-14, 21-16, 21-17 
phase distributions of, 16-7, 16-36 
power distributions of, 16-33, 16-36 
of longitudinal array slots, 12-24 
and parallel feed networks, 19-6 
in perfectly conducting ground, 3-22 
radiation from, 1-28 
circular, 5-20 to 5-25 
and equivalent currents, 5-8 to 5-10 
near-field, 5-24 to 5-26 
planar aperture distributions, 5-10 to 
5-11 
and plane-wave spectra, 5-5 to 5-7 
rectangular aperture, 5-11 to 5-20 
reflections of, 8-67 
with reflector antennas, 15-15 to 15-23, 
21-20 
phase error of, 15-107 to 15-108 
for satellite antennas, 21-5, 21-7, 21-14, 
21-16, 21-17 
size of 
and conical horn beamwidth, 8-61 
of E-plane horn antenna directivity, 
8-16 
of lenses, 16-6 
square, 5-32 to 5-33 
with Taylor line source synthesis, 13-26 


Aperture taper 


and radiometer beam efficiency, 22-32, 
22-33 
with reflector antennas, 21-24 


Array blindness, 13-45 to 13-49 
with flared-notch antennas, 13-59 
Array collimations, 13-7 to 13-10 
Array geometry, linear transformations in, 
11-23 to 11-25 
Array pattern functions, 3-35, 11-8 
aperiodic, 14-4 to 14-5, 14-8 to 14-9, 
14-15, 14-22, 14-35 
Dolph-Chebyshev, 11-17 to 11-18 
linear, 11-8, 11-9, 11-11 to 11-14 
with longitudinal slots, 12-17 
phased, 21-10 
transformation of, 11-23 to 11-48 
with UTD solutions, 20-6 
Arrays, 3-33, 3-35 to 3-36, 3-38 to 3-43. 
See also Aperiodic arrays; Array the- 
ory; Broadside arrays; Circular ar- 
rays; Log-periodic arrays; Log-spiral 
antennas; Periodic arrays; Planar ar- 
rays; Slot arrays 
element patterns with, 14-25 
errors in, from phase quantization, 13-52 
to 13-57 
horn antennas as elements in, 8-4 
large, design of, 12-28 to 12-34 
of microstrip antennas, for medical ap- 
plications, 24-25 
millimeter-wave, 17-23 to 17-27 
phase control of, 13-62 to 13-64 
scan characteristics of, 14-24 to 14-25 
of tapered dielectric-rod antennas, 17-47 
thinning of, with aperiodic arrays, 14-3 
Array theory 
directivity in, 11-63 to 11-76 
general formulation of, 11-5 to 11-8 
for linear arrays, 11-8 to 11-23 
linear transformations in, 11-23 to 11-48 
pattern synthesis in, 11-76 to 11-86 
for planar arrays, 11-48 to 11-58 
SNR in, 11-58 to 11-63, 11-70 to 11-76 
Artificial-dielectric plates, 21-19 
A-sandwich panels, 31-17 to 31-19 
Aspect ratio 


Apparent phase center, 8-75 

Appleton-Hartee formula for ionospheric 
refractive index, 29-21 

Applied excitation of periodic arrays, 13-6 
to 13-7 

Arabsat satellite antenna, 21-77 

Arbitrary ray optical field, 4-8 

Archimedean-spiral curves, 9-107 to 9-108, 
9-110 


of dielectric grating antennas, 17-77 to 
17-78 
surface corrugations for, 17-64 
and leakage constants, 17-62, 17-63 
with log-periodic antennas, 9-12, 9-14 
and directivity, 9-21 to 9-24 


Assistance with computer models, 3-68 
Astigmatic lens aberrations, 16-15, 16-20, 


21-13 
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Astigmatic ray tube, 4-8 
Asymmetric aperture distributions, 21-17 
Asymmetric strips, 17-84 to 17-87, 17-97 to 
17-98 
AT-536/ARN marker beacon antenna, 
30-27 to 30-28 
AT-1076 uhf antenna, 30-21 
Atmosphere 
absorption by 
of millimeter-wave antennas, 17-5 to 
17-6 
and satellite-earth propagation, 29-8 
noise from, 6-25, 29-50 to 29-51 
_ refraction of, and line-of-sight propaga- 
tion, 29-32 to 29-33 
refractive index of, 29-30 to 29-32 
remote sensing of, 22-6 to 22-7, 22-13 to 
22-14, 22-16, 22-21 to 22-22 
standard radio, 29-32 
Attachment coefficients, 4-96 
for conducting cylinder, 21-97 
of microstrip line, 17-118 
Attenuation and attenuation constants 
of atmosphere, 17-5 to 17-6, 29-8 
with biconical horns, 21-104 
for conducting cylinder, 21-97 
ground wave, 29-45 
with log-periodic antennas, 9-4 to 9-5 
with microstrip patch antennas, 17-110 
with periodic loads, 9-49 to 9-54 
from radiation, 7-12, 9-5 
by rain, 29-10 to 29-13 
of rf cables, 28-26 
of standard waveguides, 28-40 to 28-41 
circular, 1-49 to 1-50 
rectangular, 1-39, 1-43 
TE/TM, 28-37 
for transmission lines, 28-7 
with uniform leaky-wave antennas, 
17-89, 17-92 
Attitude control systems, 22-46 
Augmented am antenna pattern, 26-36 to 
26-37 
Auroral blackout and ionospheric propaga- 
tion, 29-25 
Automated antenna ranges, 32-30 to 32-31 
Axial current on thin-wire antennas, 7-5 to 
7-6 
Axial feed displacements, 15-49 to 
15-55 
Axial gain, near-field, 5-29 to 5-33 
Axial power density, 5-32 to 5-33 


Axial ratios 
with lens antenna feeds, 21-79, 21-80 
and polarization, 32-51 
with log-spiral antennas, 9-77 to 9-78, 
9-90 to 9-93 
with polarization ellipse, 1-15 to 1-16 
Axis slot on elliptical cylinder, 4-75, 4-77, 
21-92, 21-95 
Azimuth-over-elevation positioners, 32-12. 
Azimuthal symmetry, 1-33 


Babinet principle, 2-13 to 2-16 
and EMP and slot antennas, 30-14 to 
30-16 
Backfire arrays, 9-64 
Back lobes and horn antennas 
aperture-matched, 8-67 
corrugated, 8-55, 8-58 
Baklanov-Tseng-Cheng design, 11-55 to 
11-56 
Balanced antennas 
dipole, 9-72 to 9-73 
log-periodic zigzag, 9-45 
slot, 9-72 to 9-73, 9-78 to 9-79 
spiral, 9-78 
Balanced bifilar helix, 9-83 
Balanced two- and four-wire transmission 
lines, 28-12, 28-13 
Baluns 
for log-spiral antennas, 9-75 
conical, 9-95, 9-103, 9-105 
microstrip, 18-8. 
Bandwidth, 3-28 to 3-31 
of beam-forming networks, 18-21, 18-24, 
18-26, 21-32 
and diode phase shifters, 13-62 to 13-64, 
18-16 
of feed circuits 
array feeds, 13-61 to 13-62 
broadband array, 13-39 to 13-41 
parallel feed, 19-5 to 19-6 
space-fed beam-forming feeds, 18-18 
true-time-delay, 19-77 to 19-78 
of horn antennas 
aperture-matched, 8-64 to 8-65 
corrugated, 8-64 
hybrid-mode, 15-99 
millimeter-wave. 17-23 
of leaky-wave antennas, 17-98 
of lens antennas 
constrained, 16-55 
dielectric, 16-54 to 16-56 


index 


equal group delay, 16-45 to 16-46 
millimeter-wave, 17-14 
Rinehart-Luneberg, 19-44, 19-46 to 
19-49 
zoning of, 16-39, 16-43, 16-54 to 
16-55, 21-16 
of log-periodic dipole antennas, 9-17, 9-21 
of log-spiral conical antennas, 9-98 to 
9-99 
of longitudinal-shunt-slot array, 17-33 
of microstrip antennas, 10-6, 10-46, 
17-106, 17-118, 17-122 
with circular polarization, 10-59, 10-61 
dipole, 17-118 to 17-120, 17-125 to 
17-127 
and impedance matching, 10-50 to 
10-52 
of millimeter-wave antennas, 17-5 
biconical, 17-32 
dielectric grating, 17-74 to 17-75 
holographic, 17-130 
horn, 17-13 
lens, 17-14 
microstrip arrays, 17-106, 17-114, 
17-116 
tapered dielectric-rod, 17-39 to 17-40, 
17-44 
of phased arrays, 13-19 to 13-20, 18-8, 
21-12 
and Q-factor, 6-22, 10-6 
of receiving antennas, 6-22, 6-24 
of satellite antennas, 21-4 to 21-5, 21-7 
of self-complementary antennas, 9-10 
with side-mount tv antennas, 27-21 
of subarrays, 13-32 to 13-35, 13-39 
and substrate height, 17-107 
and temperature sounder sensitivity, 
22-22 
of TEM waveguides, 21-57 
Bar-line feed network, 21-74, 21-78 
Bar line transmission types, 21-58 
Barn antennas, 21-84 to 21-85 
Base impedance of am antennas, 26-8 to 
26-17 
Basic Scattering Code, 20-4 
for antennas on noncurved surfaces, 
20-68 
for numerical simulations 
of aircraft, 20-70, 20-85 to 20-86, 20-90 
of ships, 20-90 to 20-97 
Basis functions in modeling codes, 3-81, 
3-83 


Batwing tv antennas, 27-23 to 27-24 
Bayliss line source pattern synthesis, 
13-27 to 13-29 
BCS (bistatic cross section), 2-22 to 2-23 
BDF. See Beam deviation factor 
Beacon antennas 
EMP responses for, 30-23, 30-27 to 
30-28 
with satellite antennas, 21-84 : 
Beads with coaxial lines, 28-21 to 28-22 
Beam-broadening factor 
with linear arrays, 11-19 to 11-21 
with periodic arrays, 13-17 to 13-19 
with phased arrays, 21-10 
Beam deviation factor 
with offset antennas, 15-81, 21-24 
with scanned beams, 15-51, 15-53, 15-55 
to 15-59, 15-62 
Beam dithering, 13-56 
Beam efficiency 
in arrays, 11-74, 11-76 
for conical horn antennas, 8-62 
for microwave radiometers, 22-28 to 
22-30, 22-32 to 22-33 
Beam-forming feed networks 
constrained, 19-3 to 19-15 
cylindrical arrays, 19-98 to 19-119 
optical transform, 19-91 to 19-98 
for phased arrays, 18-17 to 18-26 
for satellite antennas, 21-5 to 21-6, 21-29 
to 21-57 
semiconstrained, 19-15 to 19-49 
transmission lines for, 21-63 
unconstrained, 19-49 to 19-91 
Beam-pointing errors, 18-27 to 18-28 
Beam scanning, 14-25 to 14-26 
of arrays 
aperiodic, 14-32 to 14-35 
Dolph-Chebyshev, 11-52 
millimeter-wave, 17-25 to 17-26 
beam-forming feed networks for, 18-21, 
18-24, 21-27 to 21-34, 21-37 to 
21-49 
conical, 22-40 to 22-41 
with microwave radiometers, 22-33 to 
22-43 
with millimeter-wave antennas, 17-9, 
17-10, 17-24 to 17-26 
array, 17-25 to 17-26 
dielectric grating, 17-69 to 17-72 
with offset parabolic antennas, 15-51, 
15-53 


Beam scanning (cont.) 
with satellite antennas, 21-5 
phased-array, 21-71 
polar orbiting, 22-35 to 22-38 
Beam-shaping efficiency, 21-5 to 21-6 
Beam squint 
with constrained feeds, 18-19, 18-21 to 
18-22 
with offset antennas, 15-48 
with phase-steered arrays, 13-20 
with reflector satellite antennas, 21-19 
Beam steering 
computer for, in phased array design, 
18-3 to 18-4, 18-26 
with lens antennas, 17-22 
with Wheeler Lab approach, 19-107 
Beam tilt with tv antennas, 27-7, 27-26 
Beamwidth, 1-20. See also Half-power 
beamwidths 
of arrays 
aperiodic, 14-3, 14-12 
linear, 11-15 
periodic, 13-10 to 13-12, 13-17 to 
13-19 | 
phased, 19-61, 21-11 to 21-12 
planar, 11-53 to 11-55 
subarrays, 13-32 


and Dolph-Chebyshev pattern synthesis, 


13-24 to 13-25 

of feed circuits 

limited scan, 19-57 

series feed networks, 19-5 
and gain, with tv antennas, 27-7 
of horn antennas 

diagonal, 8-70 

stepped-horn, 21-82 to 21-84 
and lens F/D ratio, 21-16 
of log-periodic antennas 

planar, 9-9 to 9-10 

zigzag, 9-39 to 9-40, 9-45 to 9-46 
of millimeter-wave antennas 

dielectric grating, 17-69 to 17-70, 

17-74, 17-81 to 17-82 

geodesic, 17-32 

integrated, 17-134 

lens, 17-20 

metal grating, 17-69 

microstrip dipole, 17-119 

pillbox, 17-29 

reflector, 17-11, 17-13, 17-14 

slotted-shunt-slot array, 17-33 

spiral, 17-28 


tapered rod, 17-47 
uniform-waveguide leaky-wave, 17-85, 
17-90, 17-98 
of multibeam antennas, 21-58 
and optimum rectangular aperture pat- 
terns, 5-18 to 5-20 
of reflector antennas 
offset, 15-37, 15-82 . 
tapered-aperture, 15-16 to 15-17 
of subarrays, 13-32 
and Taylor line source pattern synthe- 
sis, 13-26 to 13-27 
of tv antennas, 27-7 
side-mount tv antennas, 27-20 
of uhf antennas, 27-27 
Beamwidths scanned and gain loss with 
reflector antennas 
dual-reflector, 15-73 
offset parabolic, 15-55, 15-58, 15-62 to 
15-66 
Benelux Cross antenna, 14-17 to 14-18 
Beyond-the-horizon transmission, 29-21 to 
29-30 
Bhaskara-I and -II satellites, 22-17 
Biconical antennas, 3-24 to 3-26, 3-29 
coaxial dipole, 3-30 
horn, 3-30 
millimeter-wave, 17-32 
for satellite antennas, 21-89, 21-100 to 
21-109 
Bifilar helix, 9-83 
Bifilar zigzag wire antennas, 9-35, 9-37 
Bifocal lenses, 16-30 to 16-33 
Bilateral fin lines, 28-55 
Binomial linear arrays, 11-10 to 11-11 
Bistatic cross section, 2-22 to 2-23 
Bistatic radar, 2-36 to 2-39 
Blackbody radiation, 22-3 to 22-4 
Blade antennas 
EMP responses for, 30-17 to 30-19 
equivalent circuits for, 30-16 
equivalent receiving area of, 30-12 
Blass matrices 
with beam-forming feed networks, 
18-25, 19-10 to 19-11 
with space-fed subarray systems, 19-68 
for switch beam circuits, 21-31 to 21-33 
Blass tilt traveling-wave arrays, 19-80 
Blind angles with arrays, 14-25 to 14-27, 
14-32 to 14-35 
Blindness, array, 13-45 to 13-49 
with flared-notch antennas, 13-59 
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Blind spots with horn antennas, 8-4 
Blockage. See Aperture blockage 
Block 5D satellite, 22-18 
Body-stabilized satellites, 21-90 
Boeing 707 aircraft and ЕМР, 30-4, 30-6 
Boeing 737 aircraft 
simulation of, 20-64, 20-70 to 20-78 
slot antennas on, 20-85 to 20-86, 20-89, 
20-90 
Boeing 747 aircraft and EMP, 30-4, 30-6 
Bombs, aircraft, simulation of, 20-79 
Bone, human, phantom models for, 24-55 
Booker-Gordon formula for scattering, 
29-28 
Boom length of log-periodic antennas 
dipole, 9-21, 9-23, 9-24, 9-26 
zigzag, 9-39 
Bootlace lenses, 16-46 to 16-48 
Boresight beam 
gain of, with reflector antennas, 15-5 
with offset parabolic antennas, 15-81 
of phased-array satellite antennas, 
21-71 
and radomes, 31-3 to 31-4, 31-7 to 31-9, 
31-27 to 31-29 
Born-Rytov and computer solutions, 3-54 
Boundary conditions, 1-8 to 1-9 
with corrugated horns, 8-50, 15-96 to 
15-97 
and current distributions, 3-38 to 3-39 
and lens zoning, 16-39 
in longitudinal slots, 12-6 
numerical implementation of, 3-55 
numerical validation of, 3-79 to 3-80 
with patches, 10-16 to 10-17 
and perfect ground planes, 3-18 to 3-19 
for thin wires, 3-44 to 3-45 
Bow-tie dipoles, 17-137 to 17-138 
Bragg condition for diffraction, 29-28 
Brain, human, phantom models for, 24-55 
Bra-Ket notation and reciprocity, 2-16 
Branch guide coupler power division ele- 
ments, 21-51 to 21-52 
Branch line couplers 
for array feeds, 12-61 
directional power division element, 
21-50 | 
Branch line guide for planar arrays, 12-21 
to 12-23 
Brewster angle phenomena 
modeling of, 32-79 
and radome design, 31-12 to 31-13 


Brightness temperature 
of emitters, 2-40 to 2-41 
and humidity, 22-6 to 22-7 
of microwave radiometers, 22-28 
vs. physical temperature, 22-10 
and surface emissivity, 22-7 to 22-9, 
22-15 
Broadband array feeds, 13-39 to 13-41 
Broadside arrays, 3-40, 11-11, 11-15 
maximum directivity of, 11-64 to 11-67 
radiation pattern of, 13-12 to 13-13 
Broadside coupled transmission lines, 
28-16, 28-17 
Broadside radiation of microstrip arrays, 
17-115 
Broadwall millimeter-wave array antennas, 
17-26 
Broadwall shunt-slot radiators, 18-8 
Broadwall slots 
for center-inclined arrays, 12-24 
longitudinal, 12-4 
BSC. See Basic Scattering Code 
Bulge, earth, and line-of-sight propagation 
29-34 
Butler matrices 
with arrays 
multimode circular, 25-18 to 25-19 
multiple-beam, 19-80 
with beam-forming feed networks, 18-23 
to 18-24, 19-8 to 19-10, 19-12 
with cylindrical array feeds, 19-101 to 
19-103 
as Fourier transformer, 19-95 
with reflector-lens limited-scan feed 
concept, 19-68 
with space-fed subarray systems, 19-68 
for switch beam circuits, 21-31, 21-33 
in transform feeds, 19-92 to 19-93 


Cable effect with modeling, 32-84 
Cabling with scanning ranges, 33-16 
CAD (computer-aided design), 17-120 to 
17-122 
Calibration 
accuracy of, with microwave radiome- 
ters, 22-23 
of AMSU, 22-50 
of field probes, 24-54 to 24-57 
horn antennas as standard for, 8-3, 8-43, 
8-69 
of microwave radiometers, 22-25 to 
22-26, 22-48 


Cameras, thermographic, 24-51 
Cancer therapy. See Hyperthermia 
‚ Candelabras for multiple-antenna installa- 
tions, 27-37 
Capacitance of in-vivo probes, 24-33 to 
24-34 
Capacitor-plate hyperthermia applicators, 
24-46 to 24-47 
Capture area of receiving antenna, 6-6 
Cardioid patterns 
with loop antennas, 25-6 to 25-7 
with slot antennas 
coaxial, 27-28 
waveguide, 27-30 
from slotted cylinder reflectors, 21-110 
for T T & C, 21-89 to 21-90 
Carrier-to-noise ratio, 29-48 
Cartesian coordinate systems, 15-115 to 
15-120 
Cassegrain feed systems 
near-field, 19-62 to 19-63 
for reflector antennas 
millimeter-wave, 17-9, 17-13 to 17-14 
satellite, 21-21 to 21-22 
with wide-angle systems, 19-84, 19-88 
Cassegrain offset antennas 
cross polarization with, 15-69 to 15-70, 
15-72 to 15-74 
dual-mode horn antennas for, 8-72 
parameters of, 15-67 to 15-68 
performance evaluation of, 15-69 to 
15-72 
scan performance of, 15-71 to 15-73, 
15-78 to 15-79 
Caustic distances, 4-10 
edge-diffracted, 4-27 
and GO reflected field, 4-18 
Caustics, 4-6, 8-76 
with diffracted rays, 4-5, 4-6 
surface-diffracted, 4-83 
of diffracted waves, 4-96 to 4-102 
and GO representation, 4-16 
and lens antennas, 17-16 
matching functions for, 4-103 
Cavity-backed radiators 
in panel fm antennas, 27-35 to 27-36 
in side-mount tv antennas, 27-20 to 
27-23 
 Cavity-backed slots with log-periodic ar- 
rays, 9-68 to 9-71 
Cavity model for microstrip antennas, 
10-10 to 10-21 
Centered broad wall slots, 12-4 


Center-fed antennas 
dipole 
microstrip, 17-123 to 17-124 
transient response of, 7-22 
slot, for tv, 27-29 to 27-30 
Center-fed arrays, 17-119 to 17-120 
Center-fed dual series feeds, 18-20 
Center-fed reflectarrays, 19-55 
Center-inclined slot arrays, 12-24 
Channel-diplexing, 22-46 
Channel guide mode for leaky-wave anten- 
nas, 17-98 
Characteristic impedance, 3-28 to 3-31 
of dipoles, 7-6, 9-28, 9-30 
of fin lines, 28-57, 28-58 
of holographic antennas, 17-130 
of log-periodic zigzag antennas, 9-42 to 
9-44, 9-48 
of microstrip arrays, 17-109 to 17-111 
of slot lines, 28-53 to 28-54 
of transmission lines, 28-7 
biconical, 3-24 to 3-25 
coaxial, 28-20 
microstrip planar, 28-30 to 28-31 
TEM, 28-10 to 28-18 
triplate stripline, 28-22, 28-28 to 28-29 
two-wire, 7-39, 28-11, 28-19 
waveguide planar, 28-33 
of waveguides 
rectangular, 2-28 
ridged, 24-14 to 24-16 
TE/TM, 28-36, 28-37 
Chebyshev polynomials, 11-15 to 11-17. 
See also Dolph-Chebyshev arrays 
Check cases for validating computer code, 
3-80 
Chi-square distribution with aperiodic ar- 
rays, 14-10 to 14-12 
Chokes 
with coaxial sleeve antennas, 7-31 to 
7-33, 7-36 
with microstrip antennas, 10-68 
Circles, 15-25 to 15-26 
and intersection curve, 15-29 
Circuit characteristics 
measurements for, 32-4 
models for, 10-26 to 10-28 
Circular apertures 
Bayliss line source pattern synthesis for, 
13-29 
distribution of 
axial field, 5-32 
with reflector antennas, 15-17, 15-23 


efficiency of, 5-29, 5-30 
radiation patterns of, 5-20 to 5-24 
near-field, 5-25 
Circular arrays 
for direction-finding antennas, 25-17 to 
25-20 
of probes, with transmission line feeds, 
19-26 to 19-30 
sections of, 13-8 to 13-10 
transformations with, 11-33 to 11-36, 
11-41 to 11-47 
for T T & C, 21-89 to 21-100 
Circular coaxial lines, 28-20 to 28-22 
Circular cones 
geometry for, 4-60 
intersection of reflector surface with, 
15-26 to 15-29 
Circular corrugated horns, 15-97, 15-99 
Circular cylinders 
and intersection curve, 15-30 
radiation patterns of, 4-75, 4-77 to 4-79 
Circular-disk microstrip patches 
characteristics of, 10-16, 10-25 
with CP microstrip antennas, 10-61, 
10-62 
elements for, 13-60 
` principal-plane pattern of, 10-22 
resonant frequency of, 10-47 
Circularity, of multiple antennas, 27-38 to 
27-40 
Circular log-periodic antenna, 9-3, 9-4 
Circular loop antennas 
for geophysical applications, 23-19 to 
23-21 
as magnetic-field probes, 24-40 to 24-43 
radiation resistance of, 6-19 
thin-wire, 7-42 
Circular open-ended waveguides 
radiators for, with phased arrays, 18-6 
with reflector antennas, 21-74 
for reflector feeds, 15-90 to 15-93 
Circular patches, 10-41 to 10-44 
Circular-phase fields, 9-109 
Circular pillbox feeds, 19-19, 19-21 to 
19-22 
Circular polarization, 1-15 to 1-16, 1-20, 
1-28 to 1-29 
of arrays, 11-7 
with constrained lenses, 16-43 
conversion of linear to, 13-60 to 13-61 
with dual-mode converters, 21-78, 21-80 
with fm antennas, 27-33 to 27-34 
gain measurements for, 32-49 to 32-51 


with horn antennas 
biconical, 21-107 to 21-108 
corrugated, 8-51, 8-64 
diagonal, 8-70 
with image-guide-fed slot array anten- 
nas, 17-50 
of log-spiral conical antennas, 9-90 to 
9-91, 9-99 
measurements of, 32-52, 32-58, 32-60 . 


with microstrip antennas, 10-57 to 10-63, 


10-69 to 10-70 
microstrip radiator types for, 13-60 
with phased arrays, 18-6 
for power dividers, 21-78, 21-80 
‘with reflector antennas 
offset parabolic, 15-36, 15-48 to 15-50 
for satellites, 21-19, 21-73, 21-74, 
21-78 to 21-80 
for satellite antennas, 21-7, 21-29, 
21-89 
reflector, 21-19, 21-73, 21-74, 21-78 to 
21-80 
for shipboard simulation, 20-91 to 20-93 
with spiral antennas, 17-27 
for T T & C, 21-89 
with tv antennas, 27-8 to 27-9, 27-38 to 
27-40 
helical, 27-15 to 27-19 
side-mount, 27-20 to 27-23 
skewed-dipole, 27-11 to 27-12, 27-18 
vee-dipole, 27-9 to 27-11 
Circular-sector patches, 10-17, 10-44 
resonant frequency of, 10-47, 10-48 
Circular tapered dielectric-rod antennas, 
17-37 to 17-38 
Circular waveguides, 1-44 to 1-50 
array of, with infinite array solutions, 
13-48 to 13-49 
for conical horn antennas, 8-46, 15-93 
dielectric, 28-50 to 28-51 
open-ended, 15-90 to 15-93, 15-105 
TE/TM, 28-42 to 28-45 
transmission type, 21-60 
Circumferential slots 
on cones, 4-92 
on cylinders, 4-75, 4-77, 21-92 to 21-93, 
21-96 
CLAD (controlled liquid artificial dielec- 
trics), 17-22 
Classical antennas, 3-26 to 3-31 
Cluttered environments, simulation of, 
20-90 to 20-97 
Cmn, explicit expressions for, 2-11 
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Coaxial cable. See also Sleeve antennas 
with implantable antennas, 24-26 to 
24-28 
for in-vivo measurements, 24-32 to 24-35 
for log-periodic zigzag antennas, 9-44 to 
9-45 
with log-spiral antennas, 9-75, 9-80 
with medical applications, 24-24 to 24-25 
for microstrip antennas, 10-51, 17-120 
with TEM waveguides, 21-57 
Coaxial current loops for hyperthermia, 
24-45 to 24-46 
Coaxial dipole antennas, 3-30 
Coaxial hybrids as baluns, 9-95 
Coaxial-line corporate feed networks, 
13-61 
Coaxial line transmission type, 21-57, 
21-60 
for TEM transmission lines, 28-23 to 
28-25 
circular, 28-20 to 28-22 
impedance of, 28-15, 28-16, 28-18 
Coaxial-probe feeds, 10-28, 10-29 
Coaxial radiators 
dipole, for phased arrays, 18-7 
excited-disk, 18-8 to 18-9 
Coaxial slot antennas, 27-28 to 27-29 
COBRA modeling code, 3-88 to 3-91 
Codes, computer modeling, 3-80 to 3-96 
Collimations, array, 13-7 to 13-10 
Collinear arrays, 3-43 
Collocation moments method, 3-60 ` 
Column arrays 
collimation of, 13-8 
of dipoles, coupling between, 13-44 
Coma lens aberrations, 16-15, 16-17, 21-13 
to 21-14 
and Abbe sine condition, 16-19 to 
16-21 
and millimeter-wave antennas, 17-19 to 
17-21 
with Ruze lenses, 19-39 
with spherical thin lenses, 16-29 
and zoning, 16-38 to 16-41 
Communication satellite antennas, 21-4 to 
21-6 
beam-forming networks for, 21-29 to 
21-57 
design of, 21-6 to 21-8, 21-68 to 21-80 
feed arrays for, 21-27 to 21-29 
multibeam, 21-57 to 21-68 
types of, 21-8 to 21-26 
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Compact antenna ranges, 32-28 to 32-30 
for field measurements, 33-22 to 33-24 
Compensation theorem and computer so- 
lutions, 3-54 
Complementary planes, 2-14 to 2-15 
Completely overlapped space-fed subarray 
System, 19-68 to 19-76 
Complex environments 
airborne antenna patterns, 20-70 to 
20-90 
antennas for, 20-3 to 20-4 
far fields with, 20-53 to 20-54, 20-61 to 
20-70 
numerical simulations 
for antennas, 20-5 to 20-7 
for environment, 20-7 to 20-53 
shipboard antenna patterns, 20-90 to 
20-97 
Complex feeds for reflectors, 15-94 to 
15-99 
Complex pattern function for arrays, 11-7 
Complex polarization ratios, 32-52 
Complex poles of antennas, 10-11 
Complex power, 1-7 
Component errors and phased-array per- 
formance, 18-26 to 18-28 
Compound distributions for rectangular 
apertures, 5-16 to 5-17 
Computation with computer models, 3-54 
to 3-55, 3-68 to 3-72 
Computer-aided design, 17-120 to 17-122 
Computers and computer programs 
for beam-forming network topology, 
21-57 
for beam steering, 18-3 to 18-4, 18-26 
for complex environment simulations, 
20-3 to 20-4, 20-18 
for dipole-dipole arrays, 23-7 
for Gregorian feed Systems, 19-65 
for integral equations, 3-52 to 3-55 
codes for, 3-80 to 3-96 
computation with, 3-68 to 3-72 
numerical implementation of, 3-55 to 
3-68 
validation of, 3-72 to 3-80 
for ionospheric Propagation, 29-25 
modeling with, 32-65 
for rf personnel dosimeters, 24-43 
for spherical scanning, 33-15 
Computer storage and time 
with frequency-domain solutions, 3-61 
to 3-62, 3-65 
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using МЕС and TWTD modeling codes, 
3-94 
and symmetry, 3-65, 3-67 
with time-domain solutions, 3-63 to 3-65 
and unknowns, 3-57 
Concentric lenses, 19-80 
Concentric ring arrays, 19-57 to 19-58 
Conceptualization for computer models, 
3-53 to 3-54 
Conductance 
in inclined narrow wall slot arrays, 
12-25 to 12-26 
with microstrip antennas, 10-7 to 10-8 
of resonant-length slots, 12-14 
Conducting cones, fields of, 1-10 
Conducting wedges, fields of, 1-9 to 1-10 
Conduction losses, 1-7 
of microstrip patch antennas, 17-111 
of transmission lines 
circular coaxial, 28-21 
coplanar waveguide planar, 28-34 
microstrip planar, 28-32 
triplate stripline, 28-28 
of waveguides, 1-39 
rectangular TE/TM, 28-38, 28-42 
Conductivity of troposphere, 29-31 
Conductors, modeling of, 32-70 to 32-71 
Conductor surfaces, linear current density 
in, 12-3 
C-141 aircraft, simulation of, 20-82 to 
20-84 
Cone-tip diffraction, 4-93 to 4-94 
Cones 
circular, 4-60 
conducting, 1-10 
coupling coefficient of slots on, 4-92 
radial slots in, 4-78 to 4-80 
surface-ray paths on, 4-75 to 4-76 
Conformal arrays, 13-49 to 13-52 
nonplanar, 13-41 
probabilistic approach to, 14-33 to 
14-34 
for T T & C, 21-90 
Conical cuts, 32-6 
Conical horn antennas, 8-4. See also Cor- 
rugated horn antennas, conical 
design procedures for, 8-48 to 8-49 
directivity of, 8-46 to 8-47 
dual-mode, 8-71 to 8-72, 15-95, 15-100 to 
15-101 
for earth coverage satellite antennas, 
21-82 
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for feeds for reflectors, 15-93 to 15-94, 
15-99 to 15-101 
gain of, 8-48 
millimeter-wave, 17-23, 17-25 
phase center of, 8-76, 8-78 to 8-80 
radiated fields of, 8-46 
Conical log-spiral antennas, 9-3, 9-4 
active region of, 9-83, 9-84, 9-98 to 
9-99 
axial ratios with, 9-90 to 9-93 
current wave of, 9-83 to 9-84 
directivity of, 9-87 to 9-90 
feeds for, 9-95 to 9-96, 9-99 to 9-104, 
9-111 to 9-112 
front-to-back ratios with, 9-89, 9-92 
half-power beamwidth of, 9-86, 9-87, 
9-89, 9-97 to 9-98 
impedance of, 9-95 to 9-97, 9-99, 9-107 
phase center of, 9-83, 9-91 to 9-92, 9-94 
polarization of, 9-86, 9-90 to 9-91, 9-99 
propagation constant with, 9-80 to 9-84 
radiation fields for, 9-85 to 9-86, 9-89 to 
9-92, 9-99 to 9-109 
transmission lines with, 9-95 
truncation with, 9-79, 9-84, 9-89 to 9-90, 
9-95 to 9-97 
Conical scanning, 22-38 to 22-43, 22-48 
Conic-section-generated reflector anten- 
nas, 15-23 to 15-31 
Constant-K lenses, 17-15 to 17-16, 17-19 
Constituent waves with radomes, 31-5 
Constrained feeds, 18-19 to 18-26, 21-34 
multimode element array technique, 
19-12 to 19-15 
multiple-beam matrix, 19-8 to 19-12 
for overlapped subarrays, 13-36 
parallel feed networks, 19-5 to 19-6 
series feed networks, 19-3 to 19-5 
true time-delay, 19-7 to 19-8 
Constrained lenses, 16-5 to 16-6, 16-41 to 
16-48 
analog of dielectric lenses for, 16-49 to 
16-51 
bandwidth of, 16-55 
wide-angle multiple-beam, 19-80 to 19-85 
Constrained variables and radome perfor- 
mance, 31-4 
Contiguous subarrays, 13-32 to 13-35 
Continuity equations, 1-6. See also Dis- 
continuities 
for electromagnetic fields, 3-6 
for field distributions, 5-18 to 5-19 
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Continuous metal strips for leaky-wave 
antennas, 17-84 to 17-86 
Continuous Scans, 22-35 
compared to step scans, 22-43 
Contour beam reflectors, 15-5, 15-80 to 
15-87 
Contours and tv antenna strength, 27.6 
Controlled liquid artificial dielectrics, 
17-22 
Convergence 
in large arrays, 12-28 
measures of, and modeling errors, 3-72 
to 3-75 | 
Convex cylinder, surface-ray paths on, 
4-75 to 4-76 
Convex surfaces 
GTD for, 4-28 to 4-30 
UTD for 
and mutual coupling, 4-84 to 4-96 
and radiation, 4-63 to 4-84 
and scattering, 4-50 to 4-63 
Coordinate systems 
for antenna ranges, 32-8 to 32-14 
feed vs. reflector, 15-88 to 15-89 
for lenses, 16-7 to 16-9 
for numerical aircraft solutions, 20-76 
for probe antennas, 32-6 to 32-7 
with reflector antennas, 15-7 
transformations of, 15-115 to 15-120 
Cophasal arrays 
Dolph-Chebyshev, 11-19 
end-fire, 11-69, 11-70 
uniform, 11-64 to 11-65 
circular, linear transformations with, 
11-46 to 11-47 
Coplanar waveguide transmission types, 
21-59, 21-61 
applicators for medical applications, 
24-24 to 24-25 
planar quasi-TEM, 28-33 to 28-34 
strip planar quasi-TEM, 28-35 
Copolarization. See Reference polarization 
Copper for satellite antenna feeds, 21-28 
to 21-29 
Corner-diffracted fields 
coefficient for, 4-44 to 4-48 
and UTD solutions, 20-12 to 20-13 
Corporate feed networks, 19-5 to 19-6 
for arrays, 13-61 
for beam-forming, 18-24 
Correction factors 
for propagation, 29-5 


with reflector surface errors, 15-106 to 
15-107, 15-113 
Corrugated horn antennas, 8-4, 8-50 to 
8-51 
сїгсшаг, 15-97, 15-99 
conical, 8-59 to 8-63 
cross-polarized pattern for, 8-69 
millimeter-wave, 17-23 
radiated fields of, 8-64, 8-65 ‘ 
efficiency of, 8-50 
millimeter-wave, 17-23 
pyramidal, 8-51 to 8-52 
aperture fields of, 8-53 
half-power beamwidth of, 8-55 
radiated fields of, 8-53 to 8-59 
for reflector antennas, 15-96, 15-102 to 
15-104 
for satellite antennas, 21-82 
Corrugations 
depth of, and EDC, 17-55 to 17-56 
with periodic dielectric antennas, 17-48 
Cosine lenses, hyperbolic, 16-53 to 16-54 
Cosine representations of far fields, 1-28 
to 1-29 
Cosinusoidal aperture distributions 
and corrugated horns, 8-53 
near-field reduction factors for, 5-30 to 
5-32 
Cosmos-243 satellite, 22-17 
Cosmos-384 satellite, 22-17 
Cos type patterns in reflector feeds, 15-99. 
15-102 to 15-105 
Coupler/phase-shifter variable power di- 
viders, 21-43 to 21-45 
Couplers 
for array feeds, 13-61 
for series feed networks, 19-4 to 19-5 
Coupling, 6-9. See also Mutual coupling 
of beam-forming feed networks, 18-25, 
18-26 
with dipole arrays, 13-44 
microstrip antenna to waveguide, 17-119 
to 17-121 
and phase shift, 9-58 
of transmitting and receiving antennas, 
20-68 
with UTD solutions, 20-6 to 20-7 
for curved surfaces, 20-18 
of waveguides for planar arrays, 12-21 
to 12-22 
Coupling coefficient, 4-92 
with aperiodic arrays, 14-24, 14-26 
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Coupling equation 
for planar scanning, 33-8 to 33-9 
for spherical scanning, 33-13 
Coverage area. See also Footprints 
of satellite antennas, 21-4 to 21-6, 21-73, 
21-77 
maps for, 15-80 to 15-81 
of tv antennas, 27-4 to 27-6 
Creeping waves 
with conformal arrays, 13-50 to 13-51 
with UTD solutions 
for curved surfaces, 20-20, 20-22 
for noncurved surfaces, 20-45 
Critical frequencies of ionospheric propa- 
gation, 29-23 
Crops, remote sensing for, 22-15 
Cross dipole antennas, 1-24 
Crossed yagis phased arrays, 21-12 
Cross-flux of fields, 2-16, 2-18 
Crossover 
of beam-forming feed networks, 18-25 
with pillbox feeds, 19-22 to 19-23 
Cross polarization, 1-23 to 1-24 
with arrays 
center-inclined broad wall slot, 12-24 
conformal, 13-50 
inclined narrow wall slot, 12-24 
microstrip patch resonator, 17-108 
phased, 18-8 
with beam-forming networks, 21-57 
with edge-slot array antennas, 17-27 
with horn antennas 
aperture-matched, 8-68 
corrugated, 8-64, 8-69 
millimeter-wave, 17-23 
and matched feeds, 15-99 
with microwave antennas, 33-20 to 33-21 
with microwave radiometers, 22-30, 
22-45 
with millimeter-wave antennas 
horn, 17-23 
reflector, 17-9 
with probe antennas, 32-8 
with reflector antennas, 15-5 to 15-6 
dual-reflector, 15-69 to 15-70, 15-72 to 
15-74 
millimeter-wave, 17-9 
offset parabolic, 15-42, 15-46 to 15-48 
satellite, 21-19 to 21-20, 21-23 
with satellite antennas, 6-26, 6-27, 21-5, 
21-7 
of side lobes, slots for, 8-63 


Cross sections 
for leaky-wave antennas, 17-88 
receiving. See Receiving cross section 
with scattering, 2-22 to 2-25 
of tapered dielectric-rod antennas, 17-38 
to 17-40 
of transmission lines, 21-63 
Cross-track scanning, 33-7 to 33-10 
Cubic phase errors with lenses, 16-14, 
16-16 to 16-19, 16-38 
and coma aberrations, 17-19 
Current and current distribution. See also 
Magnetic current distributions; Sur- 
face current 
with arrays, 3-33, 3-35 
in biconical transmission lines, 3-24 
and boundary-condition mismatch, 3-80 
with cavities, 10-12 
with coaxial sleeve antennas, 7-33, 7-35 
to 7-37 
density of 
with microstrip antennas, 10-12 
PO, 4-19 to 4-21 
for thin wires, 3-44 to 3-45 
with dipole antennas 
arrays, 13-43 
folded, 7-37 to 7-39 
linear, 7-11 — 
loaded, 7-9, 7-19 
short, 6-14 to 6-15 
unloaded linear, 7-12 to 7-14, 7-18 to 
7-19 
edge, 10-55 to 10-57 
of far fields, 1-21 to 1-22 
and imperfect ground planes, 3-27, 3-48 
with Kirchhoff approximations, 2-21 
measurement of, 2-31, 33-5 to 33-6 
of perfect conductors, 3-38 to 3-39 
in rectangular waveguides, 2-28 to 2-29, 
12-3 to 12-4 
of reflected waves, 7-14 
short-circuit, 2-32, 6-5 
sinusoidal, 3-14, 3-17 
with sleeve antennas, 7-23 to 7-33 
with straight wire antennas, 3-49 to 3-50 
with thin-wire antennas, 7-5 to 7-6 
loops, 7-42 to 7-48 
for traveling-wave antennas, 3-16 
for Tseng-Cheng pattern, 11-56 
for UTD antenna solutions, 20-5 
Current elements, 26-8 
Current reflection coefficient, 2-28 
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Current Source, ideal, 2-29 to 2-30 
Current waves 
with log-spiral antennas, 9-74 to 9.75 
conical, 9-83 to 9.84 
in transmission lines, 28-6, 28.7 
Curvature of field with lenses, 16-15, 16-20 
Curved surfaces 
effects of, on conformal arrays, 13-50 
for diffraction, 8-64 
UTD solutions with, 20-4 to 20-5, 20-18 
to 20-37 
Cutoff frequency of waveguides, 28-40 to 
28-41 
circular dielectric, 1-49, 28-50 
rectangular, 1-42 
Cutoff wavelength 
of transmission lines, circular coaxial 
TEM, 28-20 
of waveguides, 28.40 to 28-41 
circular TE/TM, 28-42, 28.44 
rectangular TE/TM, 28.38 
ridged, 24-14 to 24-15 
Cylinders and cylindrical antennas 
circular, 4-75, 4.77 to 4-79 
conducting, 21-92 to 21-100 
current distribution of, 3-14, 3-16 
dipole, 3-28 
dipole arrays on, 13-50 to 13-52 
elliptical, 4-75, 4.77 
illumination of, 4-12 to 4-13 
for intersection curve, 15-30 
for multiple-antenna analyses, 27-37 to 
27-38 
radiation pattern for, 4-62 to 4-63 
strips mounted on, 20-23 to 20-24 
thin-wire, 7-10 to 7-11 
Cylinder-to-cylinder interactions, 20-37, 
20-44 to 20-53 
Cylindrical array feeds, 19-98 to 19-101 
matrix-fed, 19-101 to 19-119 
Cylindrical scanning for field measure- 
ments, 33-10 to 33-12 


Data transmission, millimeter-wave anten- 
nas for, 17-5 

Decoupling with coaxial sleeve antennas, 
7-31 to 7-32 

Defense meteorological satellites, 22-14 

Defocusing techniques for field measure- 
ments, 33-24 to 33-26 

Deicing of tv antennas, 27-9, 27-26 

Delay lenses, equal group, 16-45 to 16-46 
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Design procedures and parameters 
for antenna ranges, 32-14 to 32-19 
for arrays 
Dolph-Chebyshev, 11-15 to 11-23 
feed, for satellite antennas, 21-27 to 
21-29 
large, 12-28 to 12-34 
of longitudinal slots, 12-10 to 12-24 
phased, 18-3 to 18-28 
Space-tapered, 14-6 to 14.8 
of wall slots, 12-24 to 12-28 
for dielectric grating antennas, 17-62 to 
17-69 
for dielectric lenses, 16-8 to 16-9 
for horn antennas 
conical, 8-48 to 8-49 
E-plane, 8-19 to 8.20 
H-plane, 8-33 to 8-34 
pyramidal, 8-43 to 8.45 
for log-periodic antennas 
dipole, 9-20 to 9.32 
zigzag, 9-37 to 9.46 
for offset parabolic reflectors, 15-80 to 
15-84 
and radome performance, 31-4, 31-8 to 
31-10 
for satellite antennas, 21-6 to 21.8, 21.20 
to 21-26 
feed arrays for, 21-27 to 21-29 
Detour parameters, 4-42 
Diagnostics, medical. See Medical applica- 
tions 
Diagonal horn antennas, 8-70 to 8-71 
Diameter of offset parabolic reflectors, 
15-31 
Diathermy applicators, 24-46 to 24-48 
Dicke radiometers, 22-24 to 22-25 
Dielectric antennas 
bifocal lens, 16-30 to 16-33 
in integrated antennas, 17-132 
periodic, 17-34 to 17-35, 17-48 to 
17-82 
Dielectric constants, 1-6 to 1-7, 10-5. $ее 
also Effective dielectric constants 
and Abbe sine condition, 16-20 
and cross sections, 17-39 
of microstrip antennas, 10-7, 10-23 to 


10-24 
уз. thickness, with lenses, 16-12 to 
16-13, 16-23 
Dielectric grating antennas, 17.50 to 17-53, 
17-80 to 17-82 


Dielectric horn antennas, 17-23, 17-25 
Dielectric lenses, 16-5, 21-16 
constrained analog of, 16-49 to 16-51 
design principles of, 16-7 to 16-9 
and Snell's law, 16-6 
taper-control, 16-33 to 16-38 
wide-angle, 16-19 to 16-33 
zoning of, 16-38 to 16-41 
Dielectric loading 
with horn antennas, 8-73 
for satellite antennas, 21-82, 21-84 to 
21-86 
with lenses for cylindrical array feeds, 
19-111, 19-114 
with pillbox feeds, 19-21 
with waveguides, 13-48 to 13-49 
for medical applications, 24-9 
Dielectric logging for rock conductivity, 
23-25 
Dielectric loss 
in constant-K lenses, 17-19 
tangent for, 1-6 
with transmission lines, 28-9 
coplanar waveguide planar quasi- 
TEM, 28-34 
microstrip planar quasi-TEM, 28-31 
with waveguides 
rectangular, 1-39 
TE/TM, 28-37 
Dielectric matching sheets, 16-56 
Dielectric materials 
with cavities, 10-21 
and feed reactance, with microstrip an- 
tennas, 10-33 
and phase shift, 9-64 
properties of, 28-10 
Dielectric millimeter-wave antennas, 17-48 
to 17-82 
Dielectric probes 
open-ended coaxial cable as, 24-32 to 
24-34 
short monopoles as, 24-30 to 24-32 
Dielectric resonator antennas, 17-35 to 
17-36 
Dielectric-rod antennas, 17-34 to 17-48, 
17-133 to 17-134 
Dielectrics 
and modeling, 32-70 to 32-75 
and radiation patterns, 32-81 to 32-82 
Dielectric sheets, plane wave propagation 
through, 31-10 to 31-18, 31-20 to 
31-25 
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Dielectric-slab polarizers, 21-30 
Dielectric substrate in microstrip anten- 
nas, 10-5, 10-6 
Dielectric waveguide transmission types. 
21-59, 21-61 
circular, 28-50 to 28-51 
for fiber optics, 28-47 
rectangular, 28-51, 28-53 
Dielectric weight of lens antennas, 17-15 
Dielguides, 8-73 
Difference beams with beam-forming feed 
networks, 18-25 to 18-26 
Differential formulations, compared to in- 
tegral, 3-55 to 3-58, 3-82 
Diffracted rays, 4-3 to 4-5 
caustic regions with, 4-5 
Diffractions and diffracted fields. See also 
Edges and edge-diffracted fields; 
High-frequency techniques 
coefficients of 
with reflector antennas, 15-13 
for UTD solutions, 20-13, 20-43, 20-44 
and curved surfaces, 8-64 
diffracted-diffracted, 20-28, 20-29, 20- 
34 
diffracted-reflected 
for curved surfaces, 20-24, 20-29, 
20-34 
for noncurved surfaces, 20-37, 20-45, 
20-46, 20-56 
and Fresnel ellipsoid, 29-36 
horn antennas to reduce, 8-4, 8-50 
propagation by, 29-30, 29-36, 29-41 to 
29-44 
and radomes, 31-8, 31-10 
with UTD solutions, 20-13, 20-16, 20-43, 
20-44 
correction of, 4-105 to 4-106 
for curved surfaces, 20-26, 20-29, 
20-32, 20-34 
for noncurved surfaces, 20-49 to 
20-50, 20-52, 20-59 to 20-60 
Digital communications and rain attenua- 
tion, 29-13 
Digital phase shifters 
for periodic arrays, 13-63 to 13-64 
for phased arrays, 18-12 to 18-13, 18-15, 
18-18 
quantization errors wtih, 21-12 
in true-time-delay systems, 19-80 
Dimensions of standard waveguides, 28-40 
to 28-41 
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Diode detectors for rf radiation, 24-37 
Diode-loaded circular loops, 24-40 to 24-43 
Diode phase shifters 
for periodic arrays, 13-62 to 13-64 
for phased arrays, 18-12 to 18-17 
variable, for beam-forming networks, 
21-38, 21-40 to 21-42 
Diodes. See Pin diodes; Schottky diodes; 
Varactor diodes 
Diode switches for beam-forming net- 
works, 21-7, 21-37 to 21-38 
Diode variable power dividers, 21-46 to 
21-48 
Diplexer/circulators, 19-110 to 19-113 
Diplexers 
with fixed beam-forming networks, 21-7, 
21-53, 21-54 
orthomode transducers as, 22-46 
Dipole antennas, 2-27, 3-30. See also Di- 
pole arrays; Electric dipole antennas; 
Log-periodic dipole antennas; Short 
antennas, dipole 
balanced, 9-72 to 9-73 
bow-tie, with integrated antennas, 
17-137 to 17-138 
coaxial, 3-30 
compared to monopole, 3-20 
coupling between, 20-68 
for direction-finding antennas, 25-9 to 
25-10 
as E-field probes, 24-38 to 24-39 
and EMP, 30-9 to 30-14 
in feed guides, for circular polarization, 
8-64 
folded, 3-29, 7-36 to 7-40 
with implantable antennas, 24-27 to 
24-28 
linear, 3-13 to 3-14, 7-6, 7-11 to 7-23 
magnetic, 4-59, 30-9 
microstrip, 17-106, 17-118 to 17-119, 
17-122 to 17-126 
millimeter-wave, 17-32 to 17-33 
near-field radiation pattern of, 20-69 
with side-mount tv antennas, 27-20 to 
27-21 
skewed, 27-11 to 27-18, 27-34 to 27-35 
sleeve, 7-26 to 7-29 
small, 3-28, 30-9 
spherical, 30-14 
thick, 3-28 
for vehicular-mounted interferometers, 
25-23 


Dipole arrays, 13-43 to 13-44, 13-58 
blindness in, 13-47 to 13-48 
on cylinders, 13-50 to 13-52 
mutual coupling with, 13-41 to 13-42 
Dipole-dipole arrays 
for earth resistivity, 23-6 to 23-7 
for E-field probes, 24-51 
Dipole radiators for phased arrays, 18-6 to 
18-7, 18-10 
Direct-contact waveguide applicators. 
24-9 
Direct-current mode with microstrip an- 
tennas, 10-25 
Direct-current resistivity of earth, 23-4 to 
23-8 
Direct-ray method with radome analysis, 
31-20 to 31-24 
Direction-finding antennas and systems, 
25-3 
with am antennas, 26-37 to 26-47 
with conical log-spiral antennas, 9-109 
to 9-110 
interferometers, 25-21 to 25-23 
multimode circular arrays, 25-17 to 
25-20 
multiple-signal, 25-24 to 25-25 
rotating antenna patterns, 25-4 to 25-17 
Directive gain, 1-25, 3-12, 5-26, 5-27 
of arrays, 3-37 
of biconical antennas, 3-25 
of lens satellite antennas, 21-74 
of millimeter-wave antennas 
dielectric grating, 17-73 to 17-74, 
17-76 
geodesic, 17-32 
integrated, 17-135 to 17-136 
lens, 17-18 
reflector, 17-12 
tapered dielectric-rod, 17-41, 17-44, 
17-46 to 17-47 
of receiving antennas, 6-7 
Directivity, 1-29, 3-12. See also Directive 
gain 
and aperture area, 17-7, 17-8 
of arrays, 11-5, 11-6, 11-58 to 11-76, 
11-78 
aperiodic, 14-3, 14-15, 14-17 to 14-19, 
14-32 
backfire, 9-64 
Dolph-Chebyshev, 11-19 to 11-21 
millimeter-wave, 17-33 
multimode element, 19-12 
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periodic, 13-10 to 13-11, 13-54 to 
13-55 
planar, 9-10, 11-63 to 11-65 
scanned in one plane, 13-12 
uniform linear, 11-11 to 11-13 
of batwing tv antennas, 27-24 
of beam-forming feed networks, 18-25 
of conical log-spiral antennas, 9-87 to 
9-90 
for dielectric grating antennas, 17-79 
and Dolph-Chebyshev pattern synthesis, 
13-24 to 13-25 
with DuFort-Uyeda lenses, 19-49 
of ferrite loop antennas, 6-18, 6-20 
and gain, 1-25 
of horn antennas 
conical, 8-46 to 8-47 
E-plane, 8-14 to 8-18 
H-plane, 8-29 to 8-33 
pyramidal, 8-37, 8-39 to 8-42 
of lens antennas, 17-18 
of log-periodic antennas, 9-10 
dipole arrays, 9-21 to 9-24, 9-27, 9-61, 
9-64, 9-66 
zigzag, 9-39 to 9-40. 
measurement of, 32-39 to 32-41 
with modeling, 32-85 
of microwave antennas, 33-20 
of millimeter-wave antennas, 17-5, 17-33 
lens, 17-18 
reflector, 17-12 to 17-14 
tapered dielectric-rod, 17-38 to 17-39 
of monopole on aircraft, 20-76 
of offset parabolic reflectors, 15-36 
of open-ended circular waveguide feeds, 
15-105 
of short dipoles, 6-10 to 6-11 
of side-mount tv antennas, 27-22 
with spherical scanning, 33-12 
Disc-cone antennas, 3-30 
millimeter-wave, 17-32 
Discontinuities and UTD solutions, 20-10, 
20-12 
with curved surfaces, 20-23 to 20-24, 
20-30 
with noncurved surfaces, 20-37, 20-48, 
20-52 to 20-53 
Discrete arrays and aperture antennas, 
11-29 to 11-30 
Disk radiators for phased arrays, 18-6 
Dispersion characeristics 
of dielectric grating antenna, 17-66 


|-17 


of dielectric rod, 17-39 
of rectangular dielectric waveguides, 
28-54 
Displaced rectangular aperture distribu- 
tions, 5-17 to 5-18 
Dissipation factor of triplate stripline TEM 
transmission lines, 28-28, 28-29 
Distortion 
from beam-forming networks, 21-57 ' 
of integrated antennas, 17-135 
and lateral feed displacement, 21-20 
from lens aberrations, 16-15, 16-20, 
21-13 
with microstrip patch resonator arrays, 
17-109 
with offset parabolic antennas, 15-49 
from pin diodes, 21-38 
from reflector surface errors, 15-105 to 
15-114 
with satellite antennas, 21-5 
scanning, 11-36 to 11-38 
with tapered dielectric-rod antennas, 
17-44 
thermal, 21-28 to 21-29, 21-57 
from transformations, 11-57 
of wavefronts, from radomes, 31-7, 31-9 
Distribution function with aperiodic ar- 
rays, 14-6, 14-10 to 14-12 
Divergence factor and ocean reflection 
coefficient, 29-39 to 29-40 
DMS (defense meteorological satellites), 
22-14 
DMSP Block 5D satellite, 22-17 
DNA Wideband Satellite Experiment, 29-19 
Documentation of computer models, 3-68, 
3-70 
Dolph-Chebyshev arrays 
linear, 11-13 to 11-23 
planar, two-dimensional, 11-49 to 11-52 
probabilistic approach to, 14-8 
Dolph-Chebyshev pattern synthesis, 13-24 
to 13-25 
Doppler direction-finding antennas, 25-16 
to 25-17 
Doppler effects and mobile communica- 
tion, 29-30. 
Dosimeters, personnel, rf, 24-43 
Double-braid rf cable, 28-23 
Double-ridged waveguides 
for medical applications, 24-12 to 24-16 
TE/TM waveguides, 28-45 to 28-47, 
28-49 


Doubly tuned waveguide array elements, 
13-57 
Downlink signals for satellite tv, 6-26 
Driven-ferrite variable polarizer power di- 
viders, 21-43 to 21-44 
Driving-point impedance 
with directional antenna feeder Systems, 
26-43 to 26-45 
of microstrip antennas, 10-20, 10-34, 
10-53 
Drought conditions, remote sensing of, 
22-15 
Dual-band microstrip elements, 10-63 to 
10-67 
Dual fields, 2-5 to 2.6 
with Maxwell equations, 3-9, 3-11 
Dual-frequency array with infinite array 
solutions, 13-48 to 13-49 
Dual-hybrid variable power dividers, 21-43 
Dual-lens limited-scan feed concept, 19-66 
to 19-67 
Dual-mode converters, 21-80 
Dual-mode ferrite phase shifters, 13-64, 
18-14 to 18-15, 21-38 to 21-40, 21-42 
Dual-mode horn antennas 
conical, 8-71 to 8-72, 
radiation pattern of, 15-95, 15-100 to 
15-101 
for satellite antennas, 21-82, 21-84 to 
21-89 
Dual-offset reflector antennas, 15-6 to 
15-15 
Dual polarizations 
circular, 21-73 
microstrip arrays with, 17-109 
reflector antennas with, 15-5 
satellite, 21-73 to 21-74, 21-78 to 21-80 
Dual-reflector antennas, 15-61 to 15-62 
cross-polarization with, 15-69 to 15-71 
lens antennas as, 16-6 
millimeter-wave antennas, 17-9 to 17-11 
parameters of, 15-67 to 15-68 
for satellite antennas, 21-21 
scan performance of, 15-71 to 15-73 
shaped reflectors for, 15-73 to 15-80 
surface errors with, 15-109 to 15-111 
Dual substrates with microstrip dipoles, 
17-129 
Dual-toroid ferrite phase shifters, 21-40 to 
21-41 
DuFort optical technique, 19-73 to 19-76 
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DuFort-Uyeda lenses, 19-49 to 19-53 
Dummy cables 
for conical log-spiral antennas, 9-95, 
9-103 
with log-spiral antennas, 9-75, 9-80 
Dyadic coefficients 
edge-diffraction, 4-27, 4-101 to 4-105 
uniform, 4-32 to 4-33 
for surface reflection and diffraction, 
4-52 
Dyadic transfer function, 4-30 
Dynamic programming technique, 14-5 


Earth 
bulge of, and line-of-sight propagation, 
29-34 
modeling of, 32-76 to 32-77 
resistivity of, 23-4 to 23.8 
Earth coverage satellite antennas, 21-80 to 
21-81 
horns 
dielectric-loaded, 21-84 
multistepped dual-mode, 21-84 to 
21-89 
stepped, 21-82 to 21-84 
shaped beam, 21-89 
Earth receiving antennas, 6-25 to 6-32 
Earth-substended angles for satellites, 21-3 
Eccentricity 
of conic sections, 15-25 to 15-26 
and intersection curve, 15-30 
Eccentric line TEM transmission lines, 
28-15 
ECM. See Equivalent current method 
EDC. See Effective dielectric constant 
method 
Edge-coupled transmission lines, 28-16, 
28-17 
Edge-of-coverage gain with satellite anten- 
nas, 21-5 
Edges and edge-diffracted fields, 4-32 to 
4-33, 4-38 
and boundaries, 15-12 
corner-diffracted, 4-45 to 4-47 
currents on, 4-100 to.4-101 
magnetic, 10-55 to 10-57 
and ECM, 4-97 to 4-102 
elements with, and conformal arrays, 
13-52 
GTD for, 4-25 to 4-28, 15-69 
and horn antenna fields, 8-3 to 8-4, 8-50 
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and image-plane ranges, 32-23 
and Maxwell equations, 1-9 
PO for, 4-22 
PTD for, 4-104 to 4-108 
slope diffraction by, 4-38 to 4-40 
UAT for, 4-40 to 4-43 
UTD solutions for, 4-32 to 4-38, 20-10 to 
20-12 
curved surfaces, 20-21 to 20-23 
noncurved surfaces, 20-37 
Edge-slot array antennas, 17-26 to 17-27 
Edge slots for slot arrays, 12-26 to 12-28 
Edge tapers with reflector antennas, 15-36 
to 15-38, 15-41 to 15-45 
and cross-polarization, 15-47 
with off-focus feeds, 15-53 
and surface errors, 15-109 
tapered-aperture, 15-16 to 15-18, 15-21, 
15-23 
Effective area of receiving antennas, 
22-4 
and aperture efficiency, 5-27 to 5-29 
Effective dielectric constants 
of fin lines, 28-56, 28-58 
for microstrip patch antennas, 24-19 to 
24-21 
` of transmission lines 
coplanar strip planar quasi-TEM, 
28-35 
coplanar waveguide planar quasi- 
TEM, 28-33 
Effective dielectric constant (EDC) 
method 
for dielectric grating antennas, 17-65, 
17-68 
for phase constants, 17-53 to 17-57 
Effective heights. See also Vector 
effective height 
of hf antennas, 30-30 
of L-band antennas, 30-19 
of uhf communication antennas, 30-21 
Effective isotropically radiated power, 
1-27 
Effective length, 2-34 
Effective loss tangent with cavities, 10-20 
Effective phase center of log-spiral anten- 
nas, 9-91 to 9-92, 9-94 
Effective radiated power 
of fm antennas, 27-4, 27-6 
of tv antennas, 27-3 to 27-5 
Effective receiving area and EMP, 30-10 
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Effective relative dielectric constant, 10-7 
Efficiency. See also Aperture efficiency; 
Beam efficiency; Radiation efficiency 
of arrays, 11-74, 11-76 
planar, 11-65 
spaced-tapered, 14-6 to 14-7 
beam-shaping, with satellite antennas, 
21-5 to 21-6 
of corrugated horn antennas, 8-50, 
8-62 
of dielectric grating antennas, 17-63 
and inductive loading, 6-13 
of integrated antennas, 17-135 
of loop antennas, 25-8 
'of microstrip antennas, 10-6, 10-49 to 
10-50 
dipole, 17-124 
and matching filters, 10-52 
of microstrip patch resonator arrays, 
17-109 to 17-115 
of microwave radiometers, 22-28 to 
22-30, 22-32 to 22-33 
polarization, 1-26, 2-36, 2-39, 32-42, 
32-56 
and Q-factor, 6-22 to 6-23, 10-6 
of receiving antennas, 6-22 to 6-24 
of reflector antennas 
dual-reflector, 15-73 
offset parabolic, 15-42 
tapered-aperture, 15-16, 15-23 
of small transmitting antennas, 6-9 to 
6-10 
E-4 aircraft, antennas on, 30-29, 30-30 
Ehf (extra high frequencies), lens antennas 
for, 16-5, 16-28 
EIRP (effective isotropically radiated pow- 
er), 1-27 
Electrically rotating patterns 
high-gain, 25-14 to 25-16 
null, 25-11 to 25-12 
Electrically scanning microwave radiome- 
ter, 22-10 
calbiration of, 22-26 
as conical scanning device, 22-40 
modulating frequency of, 22-24 
as planar scanning device, 22-37 
Electrical scanning, 21-5 
Electrical well logging, 23-24 to 23-25 
Electric dipole antennas, 3-13 to 3-14 
and EMP, 30-9 
far-field pattern of, 1-29, 4-60 
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Electric fields. See also Electric-field 
strength 
with arrays, 3-36 
and cavities, 10-12 
conical-wave, 4-99 
distribution of, 12-4, 12-6 to 12-10, 12-35 
and equivalent currents, 5-8 to 5-10 
edge, 4-101 
in far zone, 6-3 to 6-4 
GO for, 4-13, 4-17 
Green's dyads for, 3-46, 3-48 
GTD for, 4-23 
for convex surfaces, 4-28 
for edged bodies, 4-25 
for vertices, 4-30 
integral equations for, 3-44, 3-46 to 3-47, 
3-51 
of isotropic medium, 4-9 
with plane-wave spectra, 1-32, 5-5 to 5-8 
PO, 4-19 to 4-21 
probes for, 24-37 to 24-41 
calibration of, 24-54 to 24-57 
implantable, 24-51 to 24-54 
PTD for, for edged bodies, 4-106 to 
4-107 
of rectangular apertures, 5-11 to 5-12 
reflection coefficient for, 2-28 
scattering. See Scattering 
of short monopole, 4-65 
of small dipoles, 6-13 
of small loops, 6-18 
of spherical wave, 4-6 to 4-7 
of surface fields, 4-84 
of transmitting antenna, 6-3, 20-6 
UAT for, for edged bodies, 4-39 
in unbounded space, 2-8 to 2-9 
UTD for 
corner-diffracted, 4-44 
for edged bodies, 4-32, 4-37, 4.83 
vector for, 1-14, 7-46 to 7-47 
in waveguides, 12-4 
Electric-field strength 
of hemispherical radiators, 26-31 to 
26-32 
horizontal, with two towers, 26-30 to 
26-34 
of isotropic radiators, 26-26 
of uniform hemispherical radiators, 
26-27 to 26-29 
with UTD solutions, 20-6 
Electric line dipole for UTD solutions, 
20-19 to 20-20 
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Electric surface current, 2-26 to 2-27 
Electric vector potential, 3-6 to 3-7, 3-22, 
5-8 to 5-9 
of rectangular-aperture antennas, 3-22 
Electrode arrays for resistivity measure- 
ments, 23-4 to 23.8 
Electroformed nickel for satellite anten- 
nas, 21-28 to 21-29 
Electromagnetic fields . 
computer model for, 3-53 
equations for, 3-6 to 3-8 
integral vs. differential formulation of, 
3-55 to 3-58 
models for 
materials for, 32-69 to 32-70 
theory of, 32-65 to 32-69 
Electromagnetic pulses, 30-3 
and aircraft antennas, 30-17 to 30-31 
analyzing effects of, 30-8 to 30-16 
and mounting Structures, 30-4 to 30-7 
and principal elements, 30-7 to 30-8 
Electromagnetic radiation monitors, 24-37 
Electromechanical measurements, 32-4 
Electromechanical phase shifters, 21-38, 
21-41 to 21-43 
Electromechanical power dividers, 21-48 
to 21-49 
Electromechanical Switches, 21-37 to 21-38 
Electronically Scanning Airborne Intercept 
Radar Antenna, 19-55 
Electronic scanning, 21-5, 22-36 to 22.37 
Elements, array 
and EMP, 30-7 to 30-8 
for feed arrays for satellite antennas, 
21-27 
interaction of, with aperiodic arrays, 
14-3 
mutual impedance between, 11-5 
for periodic arrays, 13-57 to 13-60 
patterns of, 13-6 
in phased arrays, 21-12 
in planar arrays, 11-53 
spacing of, 3-36, 14-4 to 14-5 
Elevated antenna ranges, 32-19 to 32-21 
Elevated H Adcock arrays, 25-9 to 25-10 
Elevation and noise in tvro antennas, 6-3] 
Elevation-over-azimuth positioners, 32.12 
ЕН. See Extremely low frequencies 
Ellipses, 15-25 to 15-26 
and intersection curve, 15-27, 15-29 to 
15-30 
polarization, 1-14 to 1-16 


Elliptical arrays, transformations with, 
11-33 to 11-36, 11-48 
uniformly excited, 11-44 to 11-45 
Elliptical cylinders, 4-75, 4-77 
Elliptical loops, 6-19 
Elliptical patches, 10-18 
Elliptical polarization, 1-15 to 1-16 
gain measurements for, 32-49 to 32-51 
with log-spiral antennas, 9-74 
EM Scattering modeling code, 3-88 to 3-91 
Emissivity in state, 2-40 
Emissivity of surfaces, 22-7 to 22-9 
EMP. See Electromagnetic pulses 
End-correction network for input admit- 
tance, 7-7 
End-fire arrays, 3-41, 11-12, 11-15 
maximum directivity of, 11-65 to 11-71 
radiation pattern for, 11-76, 11-77 
Engines, aircraft, model of, 20-37 
Environments. See also Complex environ- 
ments 
measurements for, 32-4 
numerical simulation of, 20-7 to 20-53 
E-plane gain correction factor for biconi- 
cal horns, 21-104 
E-plane horn antennas, 8-4 
aperture fields of, 8-5 to 8-7 
design procedure for, 8-19 to 8-20 
directivity of, 8-14 to 8-18 
field intensity of, 8-13 to 8-14 
gain of, 8-18 to 8-19 
half-power beamwidth of, 8-14 to 8-15 
phase center of, 8-76 to 8-77 
radiated fields of, 8-7 to 8-10 
for reflector feeds, 15-92 to 15-93, 15-96 
to 15-97 
universal curves of, 8-10, 8-13 to 8-14 
E-plane radiation patterns, 1-28, 5-12 
of apertures 
circular, 5-22 
rectangular, 5-12 
of dielectric grating antennas, 17-74, 
17-78 
of DuFort-U yeda lenses, 19-51 
of horn antennas 
corrugated, 8-55 to 8-59 
E-piane, 8-9 to 8-12 
H-plane, 8-22 to 8-25 
pyramidal, 8-37 to 8-40 
square, 17-20 
for log-periodic antennas 
diode arrays, 9-64 to 9-66 
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metal-arm, 9-11 to 9-12 
zigzag, 9-39 to 9-42, 9-45, 9-46 
for microstrip antennas, 10-24 
and UTD solutions, 20-13 to 20-16 
Equal group delay lenses, 16-45 to 16-46 
Equiangular spirals, 9-72, 9-110 
Equivalent current method, 4-5, 4-96 to 
4-102 
and surface-diffracted rays, 4-83 А 
Equivalent currents for surface fields, 5-8 
Equivalent cylinder techniques, 27-37 to 
27-38 
Equivalent radii for thin-wire antennas, 
7-10 to 7-11 
Equivalent receiving area 
for aircraft blade antenna, 30-12 
for annular slot antenna, 30-13 
for center-fed ellipsoid antenna, 30-10 to 
30-12 
for spherical dipole antenna, 30-14 
ERP. See Effective radiated power 
Errors. See also Aberrations; Path length 
constraint and errors; Phase errors; 
Random errors; Systematic errors 
in antenna ranges, 32-34 to 32-35 
array, 13-52 to 13-57 
boresight, 31-3 to 31-4, 31-7 to 31-9, 
31-27 to 31-29 
component, for phased arrays, 18-26 to 
18-28 
with far-field measurements, 32-5 
with microwave radiometers, 22-23, 
22-25 to 22-28 
modeling, 3-69 
pattern, 21-65 
quantization, 13-52 to 13-57, 21-12 
with scanning ranges, 33-15 to 33-18 
ESAIRA (Electronically Scanning Air- 
borne Intercept Radar Antenna), 
19-55 
ESMR. See Electrically scanning micro- 
wave radiometer 
Eulerian angles, 15-116 to 15-117, 
15-120 
Evaluation of antenna ranges, 32-33 to 
32-39 
Even distributions in rectangular aper- 
tures, 5-14 
Excitations 
array element, 11-23, 13-6 to 13-7 
linear transformations on, 11-39 to 11-41 
nonuniform, 11-29 to 11-30 
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Excitations (cont.) 
of overlapped subarrays, 13-37 
in planar arrays, 11-52 to 11-53 
with TEM transmission lines, 28-11, 
28-19 
Excited-patch radiators, 18-8 to 18-9 
Experimentation 
and modeling errors, 3-69 
and validation of computer code, 3-72 to 
3-76 
External fields in longitudinal slots, 12-7 
External networks and EMP, 30-8 
External noise, 6-24 to 6-25, 29-50 
External numerical validation of computer 
code, 3-77 to 3-78 
External quality factor with cavities, 10-20 
External validation of computer codes, 
3-77 to 3-78 
Extra high frequencies 
lens antennas for, 16-5 
aplanatic dielectric, 16-28 
Extrapolation techniques for field meas- 
urements, 33-26 to 33-28 
of gain, 32-47 to 32-48 
Extraterrestrial noise, 29-50 to 29.5] 
Extremely low frequencies 
with geophysical applications, 23-3 
ionospheric propagation of, 29-27 to 
8 


Fade coherence time and ionospheric scin- 
tillations, 29-18 
Faraday rotation 
depolarization from, 29-16 
with phase shifters, 13-64 
variable power dividers using, 21-44 to 
21-46 
Far-field diagnostics for slot array design, 
12-36 to 12-37 
Far fields and far-field radiation patterns, 
1-13, 1-17 to 1-18, 3-10, 3-22 to 3-24, 
6-3 to 6-4. See also Radiation fields 
and patterns 
of antennas vs. Structures, 20-53 to 
20-54, 20-61 to 20-70 
of aperture antennas, 3-22 to 3-24, 15-21 
to 15-24 
circular, 5-20 to 5-24 
rectangular, 3-22 to 3-24, 5.11 to 5-12, 
5-14 to 5-15 
sinusoidal, 3-24 
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of arrays, 11-5 to 11-8 
circular, 21-91 to 21-92, 21-94 
cylindrical, feeds for, 19-99 to 19-100, 
19-104 
periodic, 13-5 
phased, 21-9 to 21.10 
calculations of, 1-21 to 1-23 
With cavities, 10-15, 10-19 to 10-20 
components of, 8-73, 8-75 ‘ 
coordinates of, transformations with, 
15-115, 15-117 to 15-120 
of dipole antennas 
folded, 7-41 
half-wave, 6-10 to 6-11 
log-periodic, 9-19 to 9-20 
short, 6-10 to 6-1 1, 20-8 
sleeve, 7-27 to 7-28 
of E-plane horn antennas, 8-7 to 8-10 
and equivalent currents, 5-10 
expressions for, 3-10 
Friis transmission formula for, 2-38 to 
2-39 
integral representation for, 3-8 to 3-9 
with lens antennas, 16-6, 16-13 to 
16-14 
coma-free, 16-22 to 16-23 
obeying Abbe sine condition, 19-97 to 
19-99 
reflector, limited-scan feed concept, 
19-70 to 19-7] 
measurements of. See Measurements of 
radiation characteristics 
with microstrip antennas, 10-10, 10-22, 
10-24 
with multiple element feeds, 19-13 to 
19-16 
with plane-wave Spectra, 5-7 
polarization of, 1-23 to 1-24 
power density in, 6-7 
with radial transmission line feeds, 
19-24 
with radomes, 31-3 
with reflector antennas, 15-8 to 15-10, 
15-13 to 15-14 
with axial feed displacement, 15-52 to 
15-55 
with lateral feed displacement, 15-56 
to 15-66 
offset parabolic, 15-34 to 15-35, 15-37 
to 15-39, 15-43 to 15-45 
surface errors on, 15-] 10 to 15-112 
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with tapered apertures, 15-15 to 15-23 
with reflector-lens limited-scan feed 
concept, 19-70 to 19-71 
representation of, 1-18 to 1-21, 1-28 to 
1-29 
scattered, and PO, 4-20 
with single-feed CP microstrip antennas, 
10-58 to 10-59 
for sleeve monopoles, 7-31 
for slot array design, 12-36 to 12-37 
of space-fed subarray systems, 19-69 
from thin-wire antennas, 7-8, 7-15 to 
7-17 
loops, 7-44 to 7-46 
for triangular-aperture antennas, 3-24 
with UTD solutions, 20-4 to 20-6, 20-13 
to 20-14 
Fat, human 
phantom models for, 24-55 
power absorption by, 24-8, 24-9, 24-47 
F/D ratios. See Focus length to diameter 
ratio 
FDTD modeling code, 3-88 to 3-91 
Feed blockage with offset reflector, 21-19, 
21-23. See also Aperture blockage 
Feed circuits. $ee also Beam-forming feed 
networks; Cassegrain feed systems; 
Constrained feeds; Optical feeds; 
Semiconstrained feeds; Unconstrained 
feeds 
for am antennas, 26-37 to 26-47 
for arrays 
dipole, 9-15 to 9-18, 9-21, 9-27, 9-29 to 
9-31, 9-61 to 9-63 
monopole, 9-66 to 9-67 
periodic, synthesis of, 13-61 
phased, design of, 18-3 to 18-4, 18-6, 
18-17 to 18-26 
power dividers for, 13-61 
spaced-tapered, 14-6 to 14-7 
subarrays, 13-39 to 13-41 
of tapered dielectric-rod antennas, 
17-47 to 17-48 
for conical horn antennas, 8-46 
log-spiral, 9-95 to 9-96, 9-99 to 9-104, 
9-111 to 9-112 
cylindrical array, 19-98 to 19-119 
displacements of, with offset parabolic 
antennas, 15-49 to 15-61 
for log-periodic dipole arrays, 9-15 to 
9-18, 9-21, 9-27, 9-29 to 9-31, 9-61 
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for log-spiral antennas, 9-75 to 9-78, 
9-80 
dipole arrays, 9-62 to 9-63 
mono arrays, 9-66 to 9-67 
for microstrip antennas, 10-5, 10-6, 
10-28, 17-108 to 17-119 
and impedance matching, 10-51 to 
10-52 
for millimeter-wave antennas, 17-12, 
17-20, 17-47 to 17-48 
offset, 17-9, 19-54, 19-63 to 19-66 
reactance of, with microstrip antennas, 
10-31 to 10-34 
for reflector antennas, 15-5 to 15-6, 
15-13, 15-84 to 15-89 
complex, 15-94 to 15-99 
cos type patterns of, 15-99 to 15-105 
radiation patterns of, 15-89 to 15-94 
rays with, 15-11 to 15-12, 21-21 to 
21-22 
for satellite antennas, 21-5 to 21-7, 21-27 
to 21-29 
for subarrays, 13-39 to 13-41 
Feed coordinates 
with reflector antennas, 15-7, 15-36, 
15-88 to 15-89 
transformations with, 15-115, 15-117 to 
15-120 
Feed elements 
horn antennas as, 8-3 
location of, for feed arrays for satellite 
antennas, 21-27 
Feed gaps with log-spiral antennas, 9-75 to 
9-77 
Feed patterns 
for reflector antennas 
dual-reflector, 15-77, 15-80 
offset parabolic, 15-34 to 15-36, 15-47 
transformation of, with taper-control 
lenses, 16-37 
Feed tapers, 15-36 to 15-37, 15-39 to. 
15-40, 17-40 
Feedthrough with lens antennas, 16-5 
Feed transmission media for beam-forming 
networks, 21-56 to 21-63 
Feed types of reflector antennas, 15-5 to 
15-6 
Fence guide transmission type, 21-62 
Fermat's principle and rays, 4-8 to 4-9 
Ferrite absorbers with UTD solutions, 
20-17 
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Ferrite loop antennas, 6-18, 6-20 to 6-22 
radiation resistance of, 6-19 
Ferrite phase shifters 
for arrays 
periodic, 13-62 to 13-64 
phased, 18-12, 18-14 to 18-17 
with planar scanning, 22-37 
. variable, for beam-forming networks, 
21-38 to 21-40, 21-42 
Ferrite switches for beam-forming net- 
works, 21-7, 21-37 to 21-38 
Ferrite variable power dividers, 21-43 to 
21-46 
F-4 fighter aircraft, simulation of, 20-78 to 
20-82 
Fiber optics 
dielectric waveguides for, 28-47 
with implantable temperature probes, 
24-50 
Fictitious isotropic radiator, 2-35 
Field curvature lens aberrations, 21-13 
Field distributions 
for circular dielectric waveguides, 28-50 
measurements of, with radomes, 31-6 to 
31-7 
Field equations, electromagnetic, 3-6 to 
3-8 
Field equation pairs, 3-7 
Field probes for evaluating antenna 
ranges, 32-33 
Fields. See also Aperture fields; Electric 
fields; Incident fields; Magnetic fields; 
Reactive fields 
with arrays, 3-33, 3-35 to 3-36 
circular-phase, 9-109 
dual, 2-5 to 2-6, 3-9, 3-11 
and Huygen's principle, 2-18 to 2-19 
using integration to determine, 3-56 to 
3-57 
and Kirchhoff approximation, 2-19 to 
2-21 
in longitudinal slots, 12-7 
of perfect conductors, 3-39 
of periodic structures, 1-33 to 1-37 
plane-wave spectrum representations of, 
1-31 to 1-33 
in radome-bounded regions, 31-5 to 31-6 
of rectangular-aperture antennas, 3-21 to 
3-24 
with short dipole, 3-34 
surface, 4-84 to 4-89, 5-8 
tangential, 5-7 to 5-9, 7-5 to 7-6 


TE and TM, 1-30 to 1-31 
time-harmonic, 1-5 to 1-8, 3-6 to 3-8 
of transmission lines, 2-27 to 2-29 
transmitting, 2-19 to 2-21, 2-34 to 2-35 
of waveguides 
circular, 1-44 to 1-50 
circular TE/TM, 28-43 
rectangular, 1-37 to 1-44 
rectangular TE/TM, 28-39 
Field strength of am antennas, 26-8 
Figure of merit 
EIRP as, 1-27 
for horn antennas, 8-14 
for tvro antenna, 6-30 to 6-31 
Filamentary electric current with cavities, 
10-20 to 10-21 
Filter type diplexers, 21-54 
Fin line transmission types, 21-59, 21-61, 
28-55 to 28-57 
Finite sources, far fields due to, 1-32 
Finite waveguide arrays and coupling, 
13-44 to 13-45 
Five-wire transmission lines, 28-13 
Fixed beam-forming networks, 21-34, 
21-37, 21-49 to 21-56 
Fixed line-of-sight ranges, 32-9 to 32-11 
Fixed-wire antennas, EMP responses for, 
30-23 to 30-27 
Flared-notch antennas, 13-59 
Flaring with horn antennas 
conical, 8-46 
corrugated, 8-60, 8-64 
E-plane, 8-9 
H-plane, 8-20, 8-29 to 8-30 
and phase center, 8-76 to 8-77 
Flat dielectric sheets, propagation 
through, 31-10 to 31-18 
Flat plate array antennas, 17-26 
Flat-plate geometry for simulation of envi- 
ronments, 20-8, 20-18 
Flat-plate Luneburg lenses, 19-44, 19-46 to 
19-47 
Flat surface lenses, 16-9 to 16-11 
Flexible coaxial transmission lines, 
28-22 
Flood predicting with remote sensing, 
22-15 
Floquet space harmonics 
and scattered fields, 1-34 to 1-35 
and UP structures, 9-32 
Fluctuation of aperiodic array beams, 
14-26 to 14-28 
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FM broadcast antennas, 27-3 to 27-8, 
27-32 to 27-40 
Focal length 
of conic sections, 15-24 to 15-26 
of offset parabolic reflectors, 15-31 
for reflector satellite antennas, 21-22 to 
21-24 
with taper-control lenses, 16-36 
Focal points. See Caustics 
Focal region of reflector satellite antennas, 
21-19 
Fock radiation functions, 4-68 to 4-69, 4-73 
for mutual coupling, 4-95 
for surface fields, 4-88 to 4-89 
for surface-reflection functions, 4-52 to 
4-53, 4-66 
Fock-type Airy functions, 4-53, 4-69 
Fock type transition functions, 4-50n 
Focus length to diameter (F/D) ratio 
with lens antennas, 16-12 
and dielectric constants, 16-24 
planar surface, 16-56 
for satellites, 21-16 
taper-control, 16-37 
and zoning, 16-43 
with microwave radiometers, 22-30 
and pyramidal horn antenna dimensions, 
8-45 
with reflector satellites 
and cross-polarization, 15-47 
with off-focus feeds, 15-51, 15-53, 
15-55 to 15-56, 15-58, 15-62 
offset parabolic reflectors, 15-32 to 
15-33, 15-37 
for satellites, 21-22 to 21-23 
and wide-angle scans, 19-34 to 19-35 
Fog, scintillation due to, 29-36 
Folded antennas 
dipole, 3-29, 7-36 to 7-40 
slot, and Babinet principle, 30-15 to 
30-16 
unipole, 3-30 
Folded Luneburg lenses, 19-49 
Folded pillbox feeds, 19-17 to 19-23 
Folded-T waveguide power division ele- 
ments, 21-50 to 21-52 
Footprints. See also Coverage area 
of microwave radiometers, 22-30 to 
22-32 
of tvro signal, 6-26, 6-27 
Formulation for computer models, 3-53 to 
3-54, 3-81 
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Four-electrode arrays for earth resistivity, 
23-4 to 23-8 
Fourier transformers, 19-95 
Four-port hybrid junctions, 19-5 to 19-6 
Four-tower systems, 26-33 
Four-wire transmission lines, 28-12 
Fox phase shifter, 13-64 
Fraunhofer region, 1-18 
Free space, resistance of, 26-25 to 26-26 
Free-space loss, 2-39, 29-5 to 29-6 
of satellite-earth path, 29-8 
Free space vswr evaluation method for 
anechoic chambers, 32-38 to 32-39 
Frequencies 
and active region 
with conical log-spiral antennas, 
9-83 
of log-periodic dipole antennas, 9-17 
to 9-19 
allocation of 
for satellite antennas, 21-6 
for tv, 6-28, 27-3 
and beamwidth, 9-87 
and computer time, 3-62 
dependence on, by reflector antennas, 
17-21 to 17-13 
and image impedance, 9-55 
and input impedance, 10-9 
and noise temperature, 2-43 
and phase center, 9-92 
and reactance, 10-30, 10-65 
and space harmonics, 9-35 
of standard waveguides, 28-40 to 28-41 
circular dielectric, 1-49, 28-50 
rectangular, 1-42 
Frequency-agile elements, 10-66 to 10-69 
Frequency-domain 
compared to time-domain, 3-65 to 3-66, 
3-82 
and EMP, 30-4 
method of moments in, 3-57 to 3-62, 
3-64 
Frequency-independent antennas, 9-3 to 
9-12. See also Log-periodic dipole an- 
tennas; Log-periodic zigzag antennas; 
Log-spiral antennas; Periodic struc- 
tures 
millimeter-wave, 17-27 to 17-28 
Frequency-modulation broadcast anten- 
nas, 27-3 to 27-8, 27-32 to 27-40 
Frequency-scanned array antennas, 17-26 
to 17-27 
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Frequency selective surface diplexer, 
21-53 
Fresnel ellipsoid and line-of-sight propaga- 
tion, 29-36 
Fresnel fields, 1-18. See also Near fields 
Fresnel integrals with near-field patterns, 
5-25 
Fresnel-Kirchhoff knife-edge diffraction, 
29-42 to 29-43 
Fresnel reflection coefficients, 3-27, 3-33, 
3-48 
Fresnel zone-plate lens antennas, 17-20 
Friis transmission formulas, 6-8 to 6-9 
for far fields, 2-38 to 2-39 
Front ends, integrated, 17-134 
Front-to-back ratios 
for log-periodic dipole arrays, 9-60 to 
9-61 
for log-spiral conical antennas, 9-89, 
9-92 
F-16 fighter aircraft, simulation of, 20-82, 
20-85 to 20-88 
Fuel tanks, aircraft, simulation of, 20-79, 
20-82 
Fundamental waves and periodic struc- 
tures, 9-33 to 9-35, 9-55 to 9-56 
Fuselages of aircrafts 
and EMP, 30-4, 30-6 
simulation of, 20-70, 20-78 


Gain, 1-24 to 1-27, 3-12 to 3-13, 3-28 to 
3-31. See also Directive gain 
aperture, 5-26 to 5-34 
circular, 5-23 
rectangular, 5-29 
uniform fields, 5-14 
of arrays, 3-36, 3-38 to 3-43, 13-10 to 
13-11 
array columns, 13-54 
edge-slot, 17-27 
feed, for satellite antennas, 21-27 
multimode element, 19-12 
phased, 18-11, 19-59, 21-11 to 21-12 
axial near-field, 5-32 
and bandwidth, with tv antennas, 27-7 
with DuFort optical technique, 19-76 
and effective area, 5-27 to 5-28 
of horn antennas 
biconical, 21-105 to 21-106, 21-108 to 
21-109 
conical, 8-48 
correction factors with, 21-104 


E-plane, 8-18 to 8-19 
pyramidal, 8-43 to 8-44, 15-98 
of lens antennas, 17-18 
and lens F/D ratio, 21-16 
with limited scan feeds, 19-57 
of log-periodic zigzag antennas, 9-45 to 
9-47 
measurement of, 32-42 to 32-51 
of microwave antennas, 33-20 tó 33-21 
of millimeter-wave antennas 
lens, 17-18 
maximum-gain surface-wave, 17-40 to 
17-41 
reflector, 17-12 to 17-14 
tapered dielectric rod, 17-40 to 17-41, 
17-47 
reduction factor for, near-field, 5-30 to 
5-32 
of reflector antennas 
boresight, 15-81 
millimeter-wave, 17-12 to 17-14 
surface errors on, 15-106 to 15-107 
ripple of, with feed arrays, 21-27 
with satellite antennas, 21-5 to 21-7, . 
21-12 
lateral feed displacement with, 
21-20 
tvro, 6-30 to 6-31 
of short dipole, 6-10 to 6-11 
of small loops, 6-13, 6-17 
Gain-comparison gain measurements, 
32-49 to 32-51 
Gain-to-noise ratio of tvro antenna, 6-31 
Gain-transfer gain measurements, 32-49 to 
32-51 
Galactic noise, 6-25, 29-50 
Galerkin's method 
with methods of moments, 3-60 
as weight function, 3-83 
Gallium arsenide 
in integrated antennas, 17-132, 17-137 to 
17-138, 17-140 
in sensors with implantable temperature 
probes, 24-50 
Gap capacitance and input admittance, 
7-8, 7-15 
Gaseous absorption | 
and line-of-sight propagation, 29-34 to 
29-35 


of millimeter waves, 17-5 
of satellite-earth propagation, 29-8, 
29-10 
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Gaseous emissions, noise from, 29-50 to 
29-51 
GEMACS modeling code, 3-88 to 3-91 
Generalized equation for standard refer- 
ence am antennas, 26-20 to 26-22 
Geodesic lens antennas, 17-29 to 17-32 
matrix-fed, 19-108 to 19-119 
for phased array feeds, 19-17, 19-41, 
19-44 
Geodesic paths, 20-19 
Geometrical models, 32-69 
Geometrical optics, 4-3 
and computer solutions, 3-54 
fields with, 4-8 to 4-9 
incident, 4-10 to 4-13 
reflected, 4-13 to 4-18 
for lens antennas, 16-6 
and PTD, 4-103 
with reflector antennas, 15-7, 15-13, 
15-14 
dual-reflector, 15-69 to 15-73, 15-77, 
15-80 
for simulation of environment, 20-10 
with UTD solutions 
for curved surfaces, 20-35 to 20-36 
for noncurved surfaces, 20-45 to 20-46 
Geometrical theory of diffraction, 4-3, 4-23 
to 4-24. See also Uniform geometrical 
theory of diffraction 
for apertures on curved surfaces, 13-50 
to 13-51 
and computer solutions, 3-54 
for convex surfaces, 4-28 to 4-30 
and ECM, 4-97 to 4-98 
for edges, 4-25 to 4-28 
for pyramidal horn fields, 15-92 
with reflector antennas, 15-7 to 15-8, 
15-11 to 15-14 
dual-reflector, 15-69 to 15-72, 15-76 to 
15-77 
for vertices, 4-30 to 4-31 
Geophysical applications, antennas for, 
23-3, 23-23 to 23-25 
electrode arrays, 23-4 to 23-8 
grounded wire, 23-8 to 23-17 
loop, 23-17 to 23-23 
Geostationary Operational Environmental 
Satellite, 22-34, 22-43 
Geosynchronous satellite antennas, 6-26 
microwave radiometers for, 22-43 to 
22-46 
G for microstrip antennas, 10-34 to 10-41 
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Gimbaling 
angles of, and radome field measure- 
ments, 31-6 
with satellite antennas, 21-5 
Glass plates for microstrip arrays, 17-108 
GOES (Geostationary Operational Envi- 
ronmental Satellite), 22-34, 22-43 
GO methods. See Geometrical optics 
Goniometers, rotating, 25-15 to 25-16 * 
Good conductors, modeling of, 32-70 to 
32-71 
Good dielectrics, modeling of, 32-70 to 
32-75 
Goubau antenna, 6-24 
Gradient synthesis method, 21-65 
Graphite epoxy material for satellite an- 
tenna feeds, 21-28 to 21-29, 22-46 
Grating antennas, 17-34 to 17-35, 17-48 to 
17-82 
Grating lobes 
with arrays 
aperiodic, 14-3, 19-57 
blindness in, 13-47 
Dolph-Chebyshev, 11-18 to 11-19 
for feeding satellite antennas, 21-27 
periodic, 11-32, 13-10 
phased, 18-9 to 18-10, 21-10 to 21-12 
scanned in one plane, 13-13 to 13-14 
scanned in two planes, 13-15 to 13-16 
space-fed, 19-69 
and subarrays, 13-32, 13-35, 19-69 
with multiple element feeds, 19-15 
with radial transmission line feeds, 19-31 
and space harmonics, 1-35 
Grating period 
and leakage constants, 17-62 
and radiation angle in leaky modes, 
17-56 to 17-58 
Great-circuit cuts, 32-6 
Green's dyads, 3-46 to 3-48 
Green's function 
for field propagation, 3-56 
in unbounded space, 2-6 to 2-11 
with UTD solutions, 20-4 to 20-5 
Gregorian feed systems 
offset-fed, 19-63 to 19-66 
with reflector satellite antennas, 21-21 to 
21-22 
Gregorian reflector systems 
cross polarization in, 15-69 to 15-70 
gain loss in, 15-73 
Gridded reflector satellite antennas, 21-21 
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Groove depths 
of dielectric grating antennas, 17-77 to 
17-78 
and leakage constants, 17-60 to 17-61 
Groove guide transmiission type, 17-35, 
21-59, 21-62 
for leaky-wave antennas, 17-82 to 17-92 
Ground-based hf antennas, modeling of, 
32-76 to 32-77 
Grounded wire antennas, 23-8 to 23-17 
Ground-plane antenna ranges, 32-19 
Ground planes 
and dipole arrays, 13-42 
imperfect, 3-27, 3-32 to 3-33, 3-47 to 
3-50 
infinite, in slot array design, 12-34 to 
12-35 
with microstrip antennas, 10-5, 10-6, 
10-23 to 10-24 
circular polarization, 10-59 
perfect, 3-18 to 3-20, 3-47 to 3-48 
in UTD solutions, 20-7 
Ground-reflection antenna ranges, 32-21 to 
32-23 
gain measurement on, 32-48 to 32-49 
Ground systems for am antennas, 26-37, 
26-38 
Ground-wave attenuation factor, 29-45 
Group delay and satellite-earth propaga- 
tion, 29-15 to 29-16 
СТО. See Geometrical theory of diffrac- 
tion 
Guided waves from radomes, 31-5 
Guidelines with modeling codes, 3-87, 3-95 
Gyros for satellite antennas, 22-46 
Gysel hybrid ring power division element, 
21-50, 21-51 


HAAT. See Height above average terrain 
Half-power beamwidths, 1-20, 1-29 
of aperture antennas, 8-67 
circular, 5-22 to 5-24 
rectangular, 5-13, 5-16 to 5-17, 5-20, 
15-91 
of arrays 
aperiodic, 14-15, 14-18, 14-23, 14-27 to 
14-32 
Dolph-Chebyshev, 11-19 
linear, 11-15 
scanned in one plane, 13-12 to 13-15 
of classical antennas, 3-28 to 3-31 
and directivity, 32-41 
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of horn antennas 
corrugated, 8-55, 8-59, 15-102 to 
15-104 
E-plane, 8-14 to 8-15 
H-plane, 8-29 to 8-30 
of log-periodic zigzag antennas, 9-39 to 
9-46 , 
of log-spiral conical antennas, 9-86, 
9-87, 9-89, 9-97 to 9-98, 9-104 
and microwave radiometer beam effi- 
ciency, 22-27 
of millimeter-wave antennas 
dielectric grating, 17-79 to 17-80 
maximum-gain surface-wave, 17-40 to 
17-42 
tapered dielectric-rod, 17-39, 17-47 
of reflector antennas 
lateral feed displacement, 21-20 
offset parabolic, 15-37, 15-41 
tapered-aperture, 15-16 to 15-17, 15-23 
of waveguide feeds, open-ended 
circular, 15-105 
rectangular, 15-104 
Half-wave antennas, 26-8 
dipole, 3-17, 6-14 to 6-15 
radiation pattern of, 6-11 
receiving current of, 7-18 to 7-19 
Half-wave radomes, 31-17 
Hallen antenna, 6-24 
Hansen-Woodyard end-fire linear array, 
11-15 
HAPDAR radar, 19-56 
Harmonic distortion from pin diodes, 
21-38 
Harvesting of crops, remote sensing for, 
22-15 
H/D (height-to-diameter ratio), 15-32 to 
15-33, 15-37, 15-40 
Health care. See Medical applications 
Heat sinking with integrated antennas, 
17-133 
Heating patterns, phantoms for checking, 
24-54 to 24-57. See also Hyperthermia 
Height. See also Vector effective height 
effective, 30-19, 30-21, 30-30 
for grating antennas 
dielectric, 17-64 
metal, 17-68 to 17-69 
and leakage constants, 17-58 to 17-59 
of log-spiral conical antennas, 9-101 
offset, of parabolic reflectors, 15-31 to 
15-32 
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of substrates, 17-107, 17-109, 17-111, 
17-124, 17-126 
of test antennas in elevated antenna 
ranges, 32-20 
Height above average terrain 
and fm antenna ERP, 27-4, 27-6 
and tv antenna ERP, 27-3 to 27-5 
Height-to-diameter ratio, 15-32 to 15-33, 
15-37, 15-40 
Height-to-radius ratio 
and impedance of dipoles, 9-61 to 9-62 
of log-periodic antennas, and directivity, 
9-27, 9-30 
Helical antennas, 3-31 
circularly polarized tv, 27-15 to 27-19 
Helical-coil hyperthermia applicators, 
24-48 to 24-49 
Helical geodesic surface-ray paths, 4-75 to 
4-76 
Helix phased arrays, 21-12, 21-68, 21-70 to 
21-71 
Hemispherical lenses, 19-81 to 19-82 
Hemispherical radiation pattern of am an- 
tennas, 26-5 
Hemispherical radiators, 26-9, 26-27 to 
: 26-29, 26-32 
Hemispherical reflector antennas 
high-resolution, 19-85, 19-87, 19-89 to 
19-91 
with wide-angle systems, 19-80 to 
19-81 
НЕМР. See Electromagnetic pulses 
Hertzian source, characteristics of, 3-13 to 
3-14 
Hexagonal arrays, 11-30 to 11-31 
H-fields. See Magnetic fields 
H-guide transmission type, 21-59, 21-62 
modification of, for leaky-wave anten- 
nas, 17-93 to 17-94 
High-attenuation rf cable, 28-25 
High-delay rf cable, 28-25 
Higher-order modes 
junction coupling and scattering, 12-35 
to 12-36 
for leaky-wave antennas, 17-87 to 17-92, 
17-98 to 17-103 
with microstrip antennas, 10-25 
High frequencies, ionosphere propagation 
of, 29-21 to 29-25 
High-frequency antennas 
fixed-wire, 30-23 to 30-27, 30-29 to 30-30 
modeling of, 32-64, 32-76 to 32-77 
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High-frequency limit, 9-3 
of log-spiral antennas, 9-75 
High frequency techniques, 4-3 to 4-6. 
equivalent current method, 4-96 to 
4-102 
geometrical optics fields, 4-6 to 4-8 
geometrical theory of diffraction, 4-23 to 
4-96 
physical optics field, 4-8 to 4-23 
physical theory of diffraction, 4-102 to 
4-115 
High-gain antennas 
direction finding, 25-14 to 25-16 
' dual-reflector, 15-73 
lens, 16-5 
limited scan, 19-57 
microstrip dipole, 17-122 to 17-126 
millimeter-wave antennas, 17-9 to 
17-27 
multimode element array, 19-12 
rotating, 25-10 to 25-11 
High-resolution antennas, 19-85, 19-87, 
19-89 to 19-91 
High-temperature rf cable, 28-24 
HIHAT (high-resolution hemispherical re- 
flector antennas), 19-85, 19-87, 19-89, 
to 19-91 
Holey plate experiment, 14-27 to 14-35 
Hollow-tube waveguides, 28-35 to 
28-36 
Holographic antennas, 17-106, 17-129 to 
17-131 
Homology with millimeter-wave antennas, 
17-14 
Horizon, radio, 29-34 
Horizontal field strength with two towers, 
26-30 to 26-34 
Horizontal optimization, 11-82 to 11-83 
Horizontal polarization 
with leaky-wave antennas, 17-97 
with loop fm antennas, 27-33 
for microwave radiometers, 22-44 to 
22-46 
and surface emissivity, 22-8 
with tv antennas, 27-23 
Horizontal profiling for earth resistivity, 
23-4 
Horizontal scanners, 33-19 
Horizontal stabilizers, simulation of, 20-82 
to 20-84 
Horizontal transmitting loop antennas, 
23-17 
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Horn antennas, 3-31, 8-5. See also Aper- 
ture-matched horn antennas; Conical 
horn antennas; Corrugated horn an- 
tennas; Dielectric loading, with horn 
antennas; E-plane horn antennas; H- 
plane horn antennas; Pyramidal horn 
antennas 

as array elements, 8-4 

as calibration standard, 8-3 

millimeter-wave, 17-23 to 17-24 

multimode, 8-69 to 8-73, 15-95 

phase center, 8-73 to 8-84 

with satellite antennas, 21-7, 21-80, 
21-82 to 21-84 

Horn feeds, 15-5 

Horn launchers, 17-46 

Horn waveguides, 2-27 

H-plane folded and septum T waveguide 
power division elements, 21-51 to 
21-52 

H-plane gain correction factor for biconi- 
cal horns, 21-104 

H-plane horn antennas, 8-4 

aperture fields of, 8-20 
design of, 8-23 to 8-34 
directivity of, 8-29 to 8-33 
half-power beamwidth of, 8-29 to 8-30 
phase center of, 8-76 to 8-77 
radiated fields of, 8-20 to 8-26, 8-28 
for reflector feeds, 15-92 to 15-93, 15-96 
to 15-97 
universal curves of, 8-23, 8-27 to 8-29 
H-plane radiation patterns, 1-28, 5-12 
of apertures | 
circular, 5-22 
rectanguar, 5-12. 
with cavity-backed slot arrays, 9-68 to 
9-71 
of dielectric grating antennas, 17-73 to 
17-74, 17-78 to 17-79 
of DuFort-Uyeda lenses, 19-52 
of horn antennas 
corrugated, 8-53 to 8-59 
E-plane, 8-9, 8-10 
H-plane, 8-23 to 8-26, 8-28 
pyramidal, 8-37 to 8-40 
for log-periodic antennas 
diode arrays, 9-63 to 9-66 
zigzag, 9-39 to 9-42, 9-45, 9-46 
with microstrip antennas, 10-25 
of monofilar zigzag antenna, 9-36 
and UTD solutions, 20-13 to 20-14 


Hughes approaches with cylindrical array 
feeds 
matrix-fed Meyer geodesic lens, 19-108 
to 19-119 
phased lens, 19-107 to 19-108 
Human-made noise, 29-51 to 29-52 
Humidity 
and brightness temperature, 22-10 
remote sensing of, 22-6 to 22-8 
and scintillations, 29-20 
sounders for, 22-14, 22-22 
Huygens-Fresnel principle, 1-32, to 
1-33 
Huygen's principle and source, 2-18 to 
2-20 
Hybrid antennas with reflector antennas, 
17-11 
Hybrid beam-forming networks, 21-34 
Hybrid-coupled phase shifters, 13-62 to 
13-63, 18-13 
Hybrid-mode horn feeds, 15-5, 15-97, 
15-99 
Hybrid-mode waveguides, 28-47, 28-50 to 
28-58 
Hybrid-ring coupler power division ele- 
ment, 21-50, 21-52 
Hydrology, remote sensing for, 22-15 to 
22-16 
Hyperbolas, 15-25 to 15-26 
Hyperbolic lenses, 16-10, 16-53 to 16-54 
Hyperbolic reflectors, feeds with, 19-61 to 
19-62 
Hyperthermia for medical therapy, 24-5 to 
24-7, 24-9 
applicators for, 24-43 to 24-49 
heating patterns with, 24-50 to 24-57 
microstrip antennas for, 24-18 to 24-25 
waveguide antennas for, 24-9 to 24-18 
Hypodermic monopole radiators, 24-26 to 
24-27 


Ice, 22-9 
remote sensing of, 22-14 to 21-15 
and sidefire helical tv antennas, 27-26 
Illuminating fields and imperfect ground 
planes, 3-48 
Illumination control of apertures, 13-30 to 
13-32 
Image-guide-fed slot array antenna, 
17-50 
Image guides, 21-59, 21-61, 28-50 to 
28-53 


Image impedances 
for log-periodic mono arrays, 9-66 
with periodic loads, 9-50, 9-55 
Image-plane antenna ranges, 32-11, 32-19, 
32-22 to 32-24 
Images 
and imperfect ground planes, 3-27, 3-32, 
3-48 
and perfect ground planes, 3-20, 3-47 
theory of, 2-11 to 2-13 
Imaging arrays, 17-137 to 17-141 
Impedance. See also Characteristic imped- 
ance; Input impedance; Mean imped- 
ance; Wave impedance 
base, with am antennas, 26-8 to 26-17 
of bow-tie dipoles, 17-138 
of cavities, 10-20 to 10-21 
of complementary planar antennas, 2-15 
to 2-16 
of dipoles, 9-56 
and height-to-radius ratio, 9-61 to 
9-62 
skewed, 27-18 
driving point 
with directional antenna feeder sys- 
tems, 26-43 to 26-45 
with microstrip antennas, 10-20, 
10-34, 10-53 
and EMP, 30-4 
feeder, with log-periodic diode arrays, 
9-65 to 9-66 
of ideal sources, 2-29 to 2-30 
of log-periodic planar antennas, 9-10 
of log-spiral conical antennas, 9-107 
for medical applications, 24-49 to 24-50 
of microstrip antennas, 10-26 to 10-44 
resonant, 10-28, 10-30 to 10-31 
of scale models, 32-64, 32-68, 32-76 to 
32-77 
of short monopole probe, 24-31 to 24-32 
surface, 3-54, 32-8 
of transmission lines, 21-63, 28-5 
coplanar, 28-35 
triplate stripline TEM, 28-22, 28-28 to 
28-29 
two-wire, 28-11, 28-19 
and UTD solutions, 20-5 
waveguide, 2-28 
Impedance function of cavities, 10-11 
Impedance-loaded antennas 
dipole, 7-19 to 7-20 
monopole, 7-20 to 7-21 
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Impedance matching 
with directional antenna feeder systems, 
26-40 to 26-41 
and gain measurements, 32-42 
and lens antennas, 16-5 
transformers for, 21-19 
of microstrip antennas, 10-50 to 10-52 
with receiving antennas, 6-6 to 6-7 . 
of split-tee power dividers, 13-61 
of waveguide arrays, 13-57 
Impedance matrices, 3-61 
and rotational symmetry, 3-67 to 3-68 
Imperfect ground planes, 3-27, 3-32 to 
3-33 
integral equations with, 3-47 to 3-50 
Implantable antennas for cancer treat- 
ment, 24-25 to 24-29 
E-field probes, 24-51 to 24-54 
temperature probes, 24-50 to 24-51 
Incident fields 
GO, 4-10 to 4-13 
reciprocity of, 2-32 to 2-33 
and UTD solutions, 20-8 to 20-9 
Incident powers and gain, 1-24 to 1-25 
Incident shadow boundary, 4-10 to 4-11, 
4-17 
Incident wavefronts, 4-15, 4-16 
Inclined edge-slot radiators, 18-8 
Inclined-slot array antennas, 17-26 
Inclined slots, 12-4, 12-24 
narrow wall arrays, 12-25 to 12-28 
Incremental conductance technique, 12-26, 
12-34 
Index of refraction. See Refractive index 
Indoor antenna ranges, 32-26 to 32-30 
Inductive loading of short dipole, 6-13 
Inductive susceptance of microstrip anten- 
nas, 10-26 
Infinite array solutions, 13-48 to 13-49 
Infinite baluns, 9-103, 9-105 
Infinite ground plane assumptions in slot 
array design, 12-34 to 12-35 
Inhomogeneous lenses, 16-51 to 16-54 
In-line power dividers for array feeds, 
13-61 
Input features in modeling codes, 3-84 to 
3-85 
Input impedance, 2-29 
of array elements, 11-5 
of biconical antennas, 3-26 
of coaxial sleeve antennas, 7-32 to 7-33, 
7-36 


1-32 


Input impedance (cont.) 
of dipole antennas 
folded, 7-36, 7-39 to 7-41 
linear, 7-14 to 7-17 
microstrip, 17-125 
short, 6-11 to 6-12 
sleeve, 7-26 to 7-29 
of L-band antennas, 30-18 
of loaded microstrip elements, 10-54 to 
10-55 
of log-periodic antennas 
dipole arrays, 9-20 to 9-21, 9-24, 9-27 
to 9-30, 9-58, 9-62 
zigzag, 9-39, 9-42 to 9-44 
of log-spiral antennas, 9-78 to 9-79 
conical, 9-95 to 9-97, 9-99 
of loop antennas 
ferrite, 6-21 to 6-22 
small, 6-17 to 6-18 
of microstrip antennas, 10-9, 10-26 to 
10-28, 10-31, 10-65 
of models, 32-85 to 32-86 
of open-ended coaxial cable, 24-35 
of self-complementary antennas, 9-5, 
9-7 
of sleeve monopoles, 7-30 to 7-31, 7-34 
of thin-wire antennas, 7-7 to 7-8, 7-44, 
7-47 to 7-48 
of transmission lines, 28-7 
two-wire, 7-40 
of uhf communication antennas, 30-21 
validation of computer code for, 3-74 to 
3-75, 3-TT 
of vhf antennas 
communication, 30-24 
localizer, 30-26 
marker beacon, 30-28 
Input susceptance of linear thin-wire an- 
tenna, 7-15 to 7-17 
Insertion delay phase and dielectric 
sheets, 31-14 
Insertion loss 
and beam-forming network switches, 
21-37 
of phase shifters, 18-15 to 18-17, 18-21, 
21-41 
and power division elements, 21-51 
diode varible, 21-47 
of transmission lines, 21-63 
of waveguides, 21-7 
Insertion-loss gain measurement method, 
32-44 to 32-46 


Instantaneous direction-finding patterns, 
25-12 to 25-14 
Instantaneous field of view, 22-30 to 
22-32 
Instrumentation for antenna ranges, 32-30 
to 32-33 
Insular waveguide transmission types, 
21-59, 21-61 
for microstrip arrays, 17-117 to 17-118 
Integral equations, 3-36, 3-38 to 3-39, 3-44 
to 3-52 
codes for, 3-80 to 3-96 
compared to differential, 3-55 to 3-58, 
3-82 
computation with, 3-68 to 3-72 
for far fields, 3-8 to 3-9 
numerical implementation of, 3-52 to 
3-68 
for unbounded space, 2-9 to 2-11 
validation of, 3-72 to 3-80 
Integrated antennas, 17-105 to 17-106, 
17-131 to 17-141 
Integrated optics, 28-47 
Interaction terms and computational ef- 
fort, 3-64 
Interfaces, between media, 1-8 to 1-9 
reflections at, 3-32, 24-7, 31-12 to 
31-13 
Interference 
in antenna ranges, 32-19 
with satellite antennas, 21-5 
Interferometers, 25-21 to 25-23 
Intermodulation distortion from pin 
diodes, 21-38 
Internal networks and EMP, 30-8 
Internal noise, 6-24, 29-50 
Internal validation of computer code, 3-78 
to 3-80 
Interpolation of measured patterns, 20-6 
Interrupt ability of modeling codes, 3-86 
Intersection curve of reflector surface, 
15-27 to 15-30 
Inverted strip guide transmission type, 
21-62 
dielectric, 17-49 to 17-50 
In-vivo measurement, antennas for, 24-30 
to 24-35 
Ionosondes, 29-24 
Ionosphere 
propagation via, 29-21 to 29-30 
satellite-earth, 29-14 to 29-15 
scintillation caused by, 29-16 to 29-21 
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Irrigation control, remote sensing for, 
22-15 
ISB (incident shadow boundary), 4-10 to 
4-11, 4-17 
Isolation 
with ferrite switches, 21-38 
for satellite antennas, 21-5 to 21-7 
Isosceles beams, 19-11 to 19-12 
Isosceles triangular lattices, 1-35 to 1-36 
Isotropic radiators 
characteristics of, 3-28 
electric-field strength of, 26-26 
radiation intensity of, 1-27 
receiving cross section of, 2-35 
Isotropic response for E-field probes, 
24-39 to 24-40 


Jamming signals, arrays for, 11-10 

Johnson compact antenna range, 32-29 to 
32-30 

Junction coupling in slot array design, 
12-36 

Junction effect with sleeve antennas, 7-23 
to 7-26 


KC-135 aircraft, patterns for, 20-65 to 
20-67 

Keller cone, 4-33 

Keller's diffraction coefficients, 15-13 

Kirchhoff approximation, 2-19 to 2-21 
and physical optics approximation, 2-27 

Knife-edge diffraction, 29-42 to 29-44 

Kolmogroff turbulence, 29-20 

Ku-band systems, 29-8 


Land 
emissivity of, 22-10 
modeling of, 32-74 to 32-77 
remote sensing of, 22-15 to 22-16 
Large arrays, design of, 12-28 to 12-34 
" LASMN3 modeling code, 3-88 to 3-91 
Latching Faraday rotator variable power 
dividers, 21-44 to 21-46 
Latching phase shifters, 13-63 to 13-64 
Lateral feed displacement, 15-51 to 15-61, 
21-20 
Lateral width of dielectric grating anten- 
nas, 17-64 
Lattices 
field representation of, 1-35 


for phased-array radiators, 18-9 to 18-10 


spacing of, for feed arrays, 21-27 
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Launching coefficients 
for conducting cylinder, 21-97 
surface-ray, 4-70 
Law of edge diffraction, 4-33 
L-band blade antennas, 30-17 to 30-19 
Leakage constants 
for dielectric grating antennas, 17-65 to 
17-69, 17-74 to 17-79, 18-82 
with leaky mode antennas, 17-53 to: 
17-63, 17-85, 17-87 to 17-90, 17-95 
to 17-97 
Leakage radiation in medical applications, 
24-5, 24-50 
Leaky modes with periodic dielectric an- 
tennas, 17-51 to 17-62 
Leaky-wave antennas, 17-34 to 17-35 
uniform-waveguide, 17-82 to 17-103 
Least squares moment method, 3-60 
Left-hand circular polarization, 1-15, 1-20 
of arrays, 11-7 
dual-mode converters for, 21-78, 21-80 
far-field pattern for, 1-29 
for microstrip antennas, 10-59, 10-69 
with offset parabolic reflectors, 15-36, 
15-48 to 15-50 
power dividers for, 21-78, 21-80 
Left-hand elliptical polarization, 1-16, 
9-74 
Lenses and lens antennas, 16-5 to 16-6. 
See also Constrained lenses; Optical 
feeds; Semiconstrained feeds 
aberrations and tolerance criteria of, 
16-12 to 16-19 
with analytic surfaces, 16-9 to 16-12 
in compact ranges, 32-29 
design principles of, 16-7 to 16-9 
with horn antennas 
conical, 8-46 
diagonal, 8-70 
Н-рапе, 8-23 
inhomogeneous, 16-51 to 16-54 
millimeter-wave, 17-14 to 17-22 
for satellite antennas, 21-7, 21-8, 21-12 
to 21-19, 21-71 to 21-77 
surface mismatches of, 16-54 to 16-57 
taper-control, 16-33 to 16-38 
wide-angle, 16-19 to 16-33 
zoning of, 16-38 to 16-41 
LEO (low earth orbiting) satellites, 22-35 
to 22-43 
Level curves, 14-12 to 14-14 
Lightning and tv antennas, 27-8, 27-9 
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Limited-scan unconstrained feeds, 19-12, 
19-52, 19-56 to 19-76 
Lindenblad tv antenna, 27-12 
Linear arrays, 11-8 to 11-23 
broadside, maximum directivity of, 
11-64 to 11-68 
cophasal end-fire, 11-69, 11-70 
of longitudinal slots, 12-13 to 12-16 
millimeter-wave, 17-33 
uniform leaky-wave, 17-35 
Linear dipole antennas, 3-13 to 3-14, 7.6, 
7-11 to 7-23 
Linear errors with lenses, 16-14 
Linear polarization, 1-14 to 1-16, 1-20, 
1-28 to 1-29 
conversion of, from circular, 13-60 to 
13-61 
measurement of, 32-6, 32-8, 32-53, 32-59 
for microwave radiometers, 22-44 to 
22-46 
with phased arrays, 18-6 
with satellite antennas, 21-7 
gridded reflector, 21-21 
Linear transformations in arrays, 11-23 to 
11-48 
Linear wire antenna, polarization of, 1-24 
Line-of-sight propagation, 29-30, 29-32 to 
29-36 
with millimeter-wave antennas, 17-5 
Line-of-sight ranges, 32-9 to 32-11 
Line source illumination, 4-12 to 4-13 
Line source patterns, 13-13 
Link calculations for satellite tv, 6-27, 6-29 
to 6-31 
Liquid artificial dielectric, 17-22, 17-72 
Lit zone, 4-75 
Fock parameter for, 4-73 
terms for, 4-71 to 4-72 
Load current of receiving antennas, 6-3, 
6-4 
Loaded-line diode phase shifters, 13-62 to 
13-63, 18-13 
Loaded-lines, 9-46 to 9-62 
Loaded loop antennas, 7-47 to 7-48 
Loaded microstrip elements, 10-52 to 
10-56 
Loaded thin-wire antennas, 7-9 
Lobes, 1-28. See also Grating lobes; Side 
lobes 
with log-spiral antennas, 9-75, 9.77 
shoulder, 32-16 
Localizer antennas, 30-23, 30-25 to 30-26 
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Logarithmic spiral antennas, 17-28 
Logarithmic spiral curve, 9-72 
Log-periodic arrays, 9-3 to 9-4, 9.8 to 9.11 
periodic structure theory designs for, 
9-62 to 9-71 
wire diameter of, 32.76 
Log-periodic dipole antennas 
active regions in, 9-17 to 9-2], 9-24 
bandwidth of, 9-17, 9-21, 9-24 
circular, 9-3, 9-4 
design of, 9-20 to 9-32 
directivity of, 9-21 to 9-24, 9-27, 9-61, 
9-66 
feeder circuits for, 9-16 to 9-18 
front-to-back ratios of, 9-60 to 9-61 
impedance of, 9-21, 9-24, 9-27 to 9-30, 
9-58 
parameters for, 9-12, 9-14, 9-15, 9-24 
radiation fields for, and О, 9-19 to 9-20, 
9-62 to 9-66 
swr of, 9-58 to 9-59 
transposition of conductors in, 9-14 to 
9-16 
Log-periodic mono arrays, 9-64 to 9-67 
Log-periodic zigzag antennas 
active region of, 9-35 to 9.36 
design procedures for, 9-37 to 9-46 
directivity of, 9-39 to 9-40 
half-power beamwidths for, 9-39 to 9-46 
radiation fields of, 9-39 to 9-40 
Log-spiral antennas. See also Conical log- 
spiral antennas; Logarithmic spiral 
antennas 
feeds for, 9-75 to 9-78, 9-80 
geometry of, 9-8 
input impedance of, 9-78 to 9-79 
polarization of, 9-74, 9-77 
radiated fields of, 9-75 
truncation of, 9-72 to 9-73 
Long-slot array antennas, 17-26 
Longitude amplitude taper in antenna 
ranges, 32-15 
Longitudinal broadwall slots, 12-4 
Longitudinal currents in waveguides, 12-3 
Longitudinal section electric mode, 8-73 
Longitudinal slot arrays 
aperture distribution of, 12-24 
design equations for, 12-10 to 12-13 
E-field distribution in, 12-6 to 12-10, 12-35 
mutual coupling with, 12-30 to 12-31 
nonresonantly spaced, 12-16 to 12-20 
planar, 12-20 to 12-24 


resonantly spaced, 12-13 to 12-16 
shunt-slot antennas, 17-33 
Look angles for tvro, 6-29 
Loop antennas 
coaxial current, 24-45 to 24-46 
ferrite, 6-18 to 6-22 
fm, 27-33 to 27-34 
for geophysical applications, 23-17 to 
23-23 
as magnetic-field probes, 24-40 to 24-43 
rotating systems, 25-4 to 25-9 
small, 3-16, 3-19, 6-13, 6-17 to 6-19, 7-46 
to 7-47 
spaced, 25-9 to 25-10 
thin-wire, 7-40 to 7-48 
vector effective area of, 6-5 to 6-6 
Loop mutual impedance, 26-12 to 26-13 
Looper radiators for medical applications, 
24-20 to 24-22 
Lorentz reciprocity theorem, 2-16 to 2-18 
and planar scanning, 33-7 
Losses. See also Conduction losses; Path 
losses 
with conical horn antennas, 8-46 
free space, 2-39, 29-5 to 29-6, 29-8 
with microwave radiometers, 22-32 to 
22-33 
system, power for, with am antennas, 
26-36 to 26-37 
tangents for, 1-6 
Lossy dielectrics, modeling of, 32-71 to 
32-75 
Low capacitance rf cable, 28-25 
Low earth orbiting satellites, 22-35 to 
22-43 
Low frequencies, surface propagation by, 
29-44 
Low-frequency limit, 9-3 
of log-periodic planar antennas, 9-8 to 
9-9 
of log-spiral antennas, 9-75 
Low-frequency techniques, 3-5 
for classical antennas, 3-13 to 3-36 
for EMP analysis, 30-9 to 30-14 
integral equations for. See Integral 
equations 
theory with, 3-6 to 3-13 
Low-frequency trailing-wire antennas, 
30-31 
Low-noise amplifiers for satellite tv, 6-26 
Low-noise detectors, 17-136 
Low-profile arrays. $ee Conformal arrays 
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Low-Q magnetic-field probes, 24-43, 24-44 
Lowest usable frequency of ionospheric 
propagation, 29-25 i 
LSE (longitudinal section electric) mode, 
8-73 
L-section power dividing circuits, 26-39 to 
26-40 
Ludwig's definition for polarization, 1-23 
to 1-24 A 
Lumped impedance for thin-wire anten- 
nas, 7-9 
Luneburg lenses, 16-23 
for feeding arrays, 19-18, 19-44, 19-46 to 
19-49 
as inhomogeneous lenses, 16-51 to 
16-52 
vs. two-layer lenses, 17-18n 
with wide-angle multiple-beam, 19-80 


Magic-T power division elements, 21-50 to 
21-52 
Magnetic cores. See Ferrite loop antennas 
Magnetic current distributions 
and Kirchhoff approximation, 2-20 to 
2-21 - 
for microstrip antennas, 10-22 to 10-25 
for dual-band elements of, 10-66 
edge of, in, 10-55 to 10-57 
Magnetic dipoles 
and EMP, 30-9 
radiation pattern of, 4-59 
Magnetic fields 
with arrays, 3-36 
conical-wave, 4-99 
and edge conditions, 1-9, 4-27 to 4-28, 
4-101 
and equivalent currents, 4-101, 5-8 to 
5-10 
in far zone, 6-3 to 6-4 
of GO reflected ray, 4-14 
Green's dyads for, 3-46, 3-48 
GTD for, 4-23 
for edge conditions, 4-27 to 4-28 
integral equation for, 3-46 to 3-47, 3-51 
with plane-wave spectra, 1-32, 5-7 to 5-8 
PO, 4-19 to 4-20 
probes for, 24-37 to 24-38, 24-40 to 
24-44 
calibration of, 24-54 to 24-57 
reflection coefficient of, 2-28 
of small dipoles, 6-13 
of small loops, 6-18 
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Magnetic fields (cont.) 
surface, 4-84 
with cavities, 10-12 to 10-13 
for physical optics approximation, 
2-26 to 2-27 
tangential, 1-32, 5-7 
with UTD, 4-83, 4-84, 4-95 
for vertices, 4-31 
Magnetic loss tangent, 1-6 
Magnetic vector potential, 3-6 to 3-7 
with arrays, 3-33, 3-35, 11-6 
Magnetometers, 23-23 to 23-24 
Magnetrode for hyperthermia, 24-45 
Magnitude pattern for linear arrays, 11-9, 
11-11 
Main beam, 1-20 
with aperiodic arrays, 14-24, 14-26 to 
14-34 
in array visible region, 11-31 to 11-32 
of corrugated horns, 8-55 
directivity of, 1-29 
with rectangular apertures, 5-12 to 5-14, 
5-19 
and space harmonics, 1-35 __ 
Main line guide for planar arrays, 12-21 to 
12-23 
Main Scattering Program modeling code, 
3-88 to 3-91 
Maintenance of computer models, 3-68 
Mangin Mirror with wide-angle 
multiple-beam systems, 19-85, 
19-89 
Mapping transformation, 11-25 
Marine observation satellite (MOS-1), 
22-47 
Mariner-2 satellite, 22-17, 22-18 
Marker beacon antennas, 30-23, 30-27 to 
30-28 
Masts, shipboard, simulation of, 20-94 to 
20-96 
Matched feeds and cross-polarization, 
15-99 
Matched four-port hybrid junctions, 19-5 
to 19-6 
Matched loads calibration method, 22-25 
to 22-27 
Matching. See Impedance matching 
Matching filters, 10-52 
Matching transformers for lenses, 21-19 
Mathematical models, 32-65 
Matrices. See also Admittance matrices; 
Blass matrices; Butler matrices 
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impedance, 3-61, 3-67 to 3-68 
scattering, 12-31, 33-7 
transformation, 15-117, 15-119 
Matrix-fed cylindrical arrays, 19-101 to 
19-106 
with conventional lens approach, 19-107 
to 19-108 
with Meyer geodesic lens, 19-108 to 
19-119 
Maximum effective height 
of short dipoles, 6-12, 6-14 to 6-15 
of small loops, 6-18 
Maximum-gain antennas, 17-40 to 17-41 
Maximum receiving cross section 
of short dipoles, 6-12 to 6-15 
of small loops, 6-18 
Maximum usable frequency of ionospheric 
propagation, 29-22 to 29-23 
Maxson tilt traveling-wave arrays, 
19-80 
Maxwell equations, 1-5 to 1-7 
for electromagnetic fields, 3-6 
using MOM to solve, 3-55 
in unbounded space, 1-9 
Maxwell fish-eye lenses, 16-51 to 16-53 
Meanderline polarizers, 21-29 
Mean effective permeability of ferrite 
loops, 6-20 to 6-21 
Mean impedance 
of log-periodic antennas 
dipole, 9-27 
zigzag, 9-46 
with self-complementary antennas, 9-10 
to 9-11, 9-13 
of spiral-log antennas, 9-78 
Mean resistance of log-periodic antennas 
dipole, 9-28 
zigzag, 9-40 
Mean spacing parameter for log-periodic 
dipole antennas, 9-28 
Measurement of radiation characteristics, 
32-3 to 32-5, 32-39 to 32-63, 33-3 to 
33-5 
compact ranges for, 33-22 to 33-24 
current distributions for, 33-5 to 33-6 
cylindrical scanning for, 33-10 to 33-12 
defocusing techniques for, 33-24 to 
33-26 
errors in, 33-15 to 33-17 
extrapolation techniques for, 33-26 to 
33-28 
interpolation of, 20-6 


modeling for, 32-74 to 32-86 
planar scanning for, 33-7 to 33-10 
plane-wave synthesis for, 33-21 to 
33-22 
and radiation cuts, 32-6 to 32-8 
ranges for, 32-8 to 32-39, 33-15 to 33-21 
for slot array design, 12-26 to 12-37 
spherical scanning for, 33-12 to 33-15 
Mechanical scanning 
conical, 22-39 to 22-40 
with millimeter-wave antennas, 17-9, 
17-10, 17-24 to 17-26 
with satellite antennas, 21-5 
Mechanical switches with satellite anten- 
nas, 21-7 
Medical applications, 24-5 to 24-9 
characterization of antennas used in, 
24-49 to 24-57 
hyperthermia applicators for, 24-43 to 
24-49 
implantable antennas for, 24-25 to 24-29 
in-vivo antennas for, 24-30 to 24-35 
microstrip antennas for, 24-18 to 24-25 
monitoring rf radiation in, 24-36 to 24-43 
waveguide- and radiation-type antennas 
for, 24-9 to 24-18 
Medium frequencies, propagation of 
ionospheric, 29-25 to 29-27 
surface, 29-44 
Medium-gain millimeter-wave antennas, 
17-9 to 17-27 
Medium propagation loss, 29-6 
Menzel's antennas, 17-102 to 17-104 
Metal grating antennas, 17-49, 17-51, 17-68 
to 17-69 
bandwidth with, 17-74 
Metal waveguides, 17-117 to 17-118 
Meteorology and remote sensing, 22-13 to 
22-15 
Meteors, ionization trails from, 29-30 
Meteor satellite, 22-17 
Meters for receiving antennas, 2-30 to 
2-32 
Method of moments 
for complex environment simulations, 
20-4 
for coupling, 20-68 
frequency-domain, 3-57 to 3-62, 3-64 
with Maxwell's equations, 3-55 
radomes, 31-27 to 31-29 
with reflector antennas, 15-7 
time-domain, 3-62 to 3-64 
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Meyer lenses for feeds, 19-19, 19-32 to 
19-37 
matrix-fed, 19-108 to 19-119 
MFIE modeling code, 3-88 to 3-91 
Microbolometers, 17-133, 17-137 to 17-138, 
17-141 
Microstrip antennas, 10-5 to 10-6 
applications with, 10-56 to 10-70 
arrays of, for medical applications, 
24-25 
circular polarization with, 10-57 to 
10-63 
coupling of, to waveguides, 17-199 to 
17-121 
efficiency of, 10-49 to 10-50 
elements for 
dual-band, 10-63 to 10-66 
frequency-agile, 10-66 to 10-69 
loaded, 10-52 to 10-56 
polarization-agile, 10-69 to 10-70 
feeds for, 10-28, 10-51 
impedance of, 10-28 to 10-44 
leaky modes with, 17-35 
loop radiators, 24-20 to 24-22 
matching of, 10-50 to 10-52 
for medical applications, 24-18 to 24-20 
models of 
circuit, 10-26 to 10-28 
physical, 10-7 to 10-21 
radiation patterns of, 10-21 to 10-26 
resonant frequency of, 10-44 to 10-49 
slot, for medical applications, 24-22 to 
24-24 
Microstrip array antennas, 17-25 
Microstrip baluns, 18-8 
Microstrip dipole antennas, 17-106, 17-118 
to 17-119, 17-122 to 17-126 
Microstrip excited-patch radiators, 18-8 to 
18-9 
Microstrip lines, 13-58, 21-59, 21-60 
for leaky-wave antennas, 17-82 to 17-83, 
17-98 to 17-103 
for planar transmission lines, 28-30 to 
28-33 
Microstrip patch resonator arrays, 17-106 
to 17-118 
Microstrip radiator types, 13-60 
dipole, for phased arrays, 18-7 
Microstrip resonator millimeter-wave an- 
tennas, 17-103 to 17-106 
with thick substrates, 17-122 to 17-129 
with thin substrates, 17-107 to 17-122 
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Місгоѕігір techniques for integrated anten- 
nas, 17-131, 17-134 to 17-137 
Microstrip Waveguides for microstrip ar- 
rays, 17-117 to 17-118 
Microwave-absorbing material for indoor 
ranges, 32-25 
Microwave antennas 
constrained lenses for, 16-42 
measurements for, 33-20 
Microwave diode Switches, 21-38 
Microwave fading, 29-40 to 29-41 
Microwave radiation 
antennas to monitor, 24-36 to 24-43 
transfer of, 22.4 to 22-7 
Microwave radiometers and radiometry 
antenna requirements, 22.16 to 22-46 
fundamentals of, 22-3 to 22-9, 22-22 to 
22-23 
future of, 22.47 to 22-52 
for remote sensing, 22-9 to 22.16 
Spacecraft constraints with, 22-46 to 
22-47 
Microwave sounder units, 22.14 
modulation frequency of, 22.24 to 22-25 
onboard reference targets for, 22.26 
for planar scan, 22-37 
aS step scan type, 22.43 
on TIROS.N, 22.37 
Microwave transmissions, 29.32 
Military aircraft, simulation of, 20-78 to 
20-88 
Military applications, antennas for, 17.6 to 
17-7, 17-15 
Millimeter-wave antennas, 17-5 to 17-8 
fan-shaped beam, 17-28 to 17-32 
high-gain and medium-gain, 17.9 to 
17-27 
holographic, 17-129 to 17-131 
integrated, 17-131 to 17-14] 
microstrip 
monolithic, 17-134 to 17-137 
With thick Substrates, 17-122 to 
17-129 
with thin Substrates, 17-107 to 17-122 
near-millimeter-wave imaging array, 
17-137 to 17-141 
omnidirectional, 17-32 to 17-34 
Periodic dielectric, 17-48 to 17-82 
Printed-circuit, 17-103 to 17-131 
spiral, 17-27 to 17-28 
tapered-dielectric rod, 17-36 to 17-48, 
17-133 to 17-134 


Index 


uniform-waveguide, leaky-wave, 17-82 
to 17-103 
Milimeter-wave Sounders, 22-47, 22-50 
to 22-51 
Mine communications, 23-3 
grounded wire antennas for, 23-8 to 
23-17 
loop antennas for, 23-17 to 23.23 
Minimax Synthesis method, 21-65 
Mismatches 
with lenses, 16-54 to 16-55 
and signal-to-noise ratio, 6-25 
transmission line and antenna, 1-24 
Missile racks, aircraft, simulation of, 20-79 
to 20-80, 20-82 
Mixer diodes for integrated antennas, 
17-133 to 17-134, 17-138 to 17-139, 
17-141 
MMIC (monolithic microwave integrated 
circuit technology), 17-12 
Мода! field distributions of loaded ele- 
ments, 10-53 
Modal transverse field distributions 
in circular Waveguides, 1-47 to 1-48 
in rectangular waveguides, 1-40 to 1-4] 
Mode converters, odd/even, 21-54 to 21-56 
Mode distributions of Patches, 10-16 to 
10-19 
Modeling. See also Scaling 
for antenna ranges, 32-63 to 32-86 
with computers 
codes for, 3-80 to 3-96 
computation with, 3.68 to 3-72 
validation of, 3.72 to 3-80 
Modes, patch, 10-7 to 10-21, 10-24 to 
10-26, 10-35 to 10-37 
Mode voltage in common Waveguides, 
12-13, 12-16 
Modulating radiometers, 22.24 
MOM. See Method of moments 
Moment Method Code for antenna cur- 
rents, 20-91 
Monitors 
for directional antenna feeder Systems, 
26-41 to 26-43 
of rf radiation, 24.36 to 24-43 
Monofilar Zigzag wire antennas, 9-34, 


Monolithic microstrip antennas, 17-134 to 
17-137 

Monolithic microwave integrated circuit 
(MMIC) technology, 17.12 
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Monopole antennas 
on aircraft, 20-62 to 20-68 
Boeing 737, 20-70, 20-73 to 20-75 
F-16 fighter, 20-87 to 20-88 
bandwidth of, 6-24 
hypodermic, 24-26 to 24-27 
images with, 3-20 
impedance-loaded, 7-20 to 7-21 
for in-vivo measurements, 24-30 to 24-32 
millimeter-wave, 17-32 
radiation of, on convex surface, 4-64 to 
4-66, 4-71, 4-83 to 4-85 
short, 4-94, 6-12 
sleeve, 7-29 to 7-31 
Monopulse pyramidal horn antennas, 8-72 
to 8-75 
MOS (marine observation satellite), 22-47 
Mounting structures, 30-4 to 30-7 
Movable line-of-sight ranges, 32-9 to 32-11 
MSU. See Microwave sounder units 
Multiarm self-complementary antennas, 
9-6 to 9-8 


Multibeam applications, lens antennas for, 


16-6, 17-21 
wide-angle dielectric, 16-19 
Multibeam satellite antennas, 15-5, 15-80 
` to 15-87, 21-57 to 21-58, 21-62, 21-64 
to 21-67 
zoning in, 16-38 
Multidetectors with integrated antennas, 
17-137 
Multifocal bootlace lenses, 16-46 to 16-48 
Multifrequency Imaging Microwave 
Radiometer (MIMR), 22-47, 22-48 to 
22-25 
Multimode circular arrays, 25-17 to 25-20 
Multimode element array beam feed tech- 
nique, 19-12 to 19-15 
Multimode feeds, 9-110, 9-112 
radial transmission line, 19-23 to 19-32 
Multimode generators, Butler matrix as, 
19-10 
Multimode horn antennas, 8-69 to 8-73 
for reflector antennas, 15-95 
Multipath propagation, 29-30, 29-37 to 
29-41 
Multipath reflections with scanning 
ranges, 33-16, 33-18 
Multiple-access phased arrays, 21-68 to 
21-71 


Multiple-amplitude component polarization 


measurement method, 32-61 to 32-62 
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Multiple-antenna installations, 27-36 to 
27-40 
Multiple-beam antennas, 15-80 
reflector antennas with, 15-5 
Multiple-beam constrained lenses, 19-79 to 
19-85 
Multiple-beam-forming networks, 19-23 
Multiple-beam matrix feeds, 19-8 to 
19-12 
Multiple-feed circular polarization, 10-61 
to 10-63 
Multiple quarter-wavelength impedance 
matching transformers, 21-19 
Multiple reflections 
with compact ranges, 33-27 
with thin-wire transmitting antennas, 
7-13 
Multiple-signal direction finding, 25-24 to 
25-25 
Multiport impedance parameters, 10-34, 
10-44 
Multiprobe launcher polarizers, 21-30 
Multistepped dual-mode horns, 21-82, 
21-84 to 21-89 
Muscle, human 
phantom models for, 24-55 
power absorption by, 24-8, 24-9, 24-24, 
24-47 
Mutual admittance between slots, 4-91 
Mutual base impedance of am antennas, 
26-12 to 26-17 
Mutual conductance with microstrip an- 
tennas, 10-9 
Mutual coupling, 4-49 
and array transformations, 11-23 
of arrays 
aperiodic, 14-20 to 14-27 
circular, on cylinder, 21-100 
conformal, 13-49 to 13-52 
inclined narrow wall slot, 12-25 
large, 12-28 to 12-33 
periodic, 13-7, 13-41 to 13-46 
phased, 21-8 to 21-10, 21-12 
planar, of edge slots, 12-27 to 12-28 
scanned in one plane, 13-12 
slots in, 12-5 
of tapered dielectric-rod antennas, 
17-47 
of convex surfaces, UTD for, 4-84 to 
4-96 
with integrated antennas, 17-137 
with microstrip antennas, 10-7 
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Mutual coupling (cont.) 

of millimeter-wave antennas 
dielectric grating, 17-79 
dipoles, 17-128 to 17-129 
tapered dielectric-rod, 17-47 

nulls from, 13-45 to 13-46 

and open-periodic structures, 9-56 

and phase shift, 9-58 

with reflector antennas, 15-6 
offset parabolic, 15-83 to 15-84 

of slots 
longitudinal, 12-15, 12-18 
radiating, 12-35 to 12-36 

Mutual impedance, 6-8 to 6-9 
with am antennas, 26-12 to 26-13 
with aperiodic arrays, 14-3, 14-20 to 
14-21 

of array elements, 11-5 

and dipole spacing, 9-58 

of microstrip antennas, 10-34 

of monopoles, 4-94 

and radiation resistance, 9-56, 14-3 


Narrowband conical horn antennas, 8-61 
to 8-62 
Narrow wall coupler waveguide power di- 
vision elements, 21-51 to 21-52 
Narrow wall slots, inclined, arrays of, 
12-25 to 12-28 
National Oceanic and Atmospheric Adminis- 
tration (МОА A)— series satellites, 22-51 
Natural modes for dipole transient re- 
sponse, 7-21 to 7-22 
Navigation systems, ionospheric propaga- 
tion for, 29-27 
Near-degenerate modes, 10-28, 10-29, 10-60 
Near fields and near-field radiation pat- 
terns, 1-16 to 1-18 
of aperture antennas, 5-24 to 5-26, 15-21 
to 15-24 
axial gain of, 5-29 to 5-33 
with Cassegrain feed systems, 19-62 
to 19-63 
of dipole arrays, 13-44 
of dipoles, 20-69 
experimental validation of computer 
code for, 3-76 
gain reduction factor for, 5-30 to 5-32 
measurement of. See Measurement of 
radiation characteristics 
in medical applications, 24-5 to 24-8 
for monopole on aircraft, 20-62 to 20-65 


in periodic structure theory, 9-33 
with pyramidal horns, 15-92 
with reflector antennas, 15-8, 15-21 to 
15-23 
transformation of, to far-field, 20-61 to 
20-62 
with UTD solutions, 20-4, 20-6, 20-13 to 
20-14 р 
in zigzag wire antennas, 9-33 
Near-millimeter-wave imaging arrays, 
17-137 to 17-141 
NEC (Numerical Electromagnetic Code) 
modeling code, 3-87 to 3-95 
Needle radiators, 24-26 to 24-27 
Nickel for satellite antenna feeds, 21-28 to 
21-29 
Nimbus-5 satellite, 22-17 
planar scanning on, 22-37 
Nimbus-6 satellite, 22-17 to 22-18 
Nimbus-7 satellite, 22-17 
SMMR on, 22-22 
NNBW (null-to-null beamwidths), 22-28 
Nodal curves with frequency-agile ele- 
ments, 10-68 to 10-69 
Nodal planes with circular polarization, 
10-62 
Noise and noise power 
with arrays, 11-59 
emitters of, 2-40 to 2-42 
and propagation, 29-47 to 29-52 
and receiving antennas, 6-24 to 6-25 
at terminal of receiver, 2-42 to 2-43 
at tvro antenna, 6-26, 6-30 
Noise temperature, 2-39 to 2-43 
effective, 22-27 
and figure of merit, 1-27, 6-31 
and microwave radiometers, 22-22 to 
22-23 
Noncentral chi-square distribution for ar- 
ray design, 14-10 to 14-12 
Nonconverged solutions and computer so- 
lutions, 3-54 
Nondirectional antennas for T T & C, 21-89 
Nondirective couplers, 19-4 to 19-5 
Nonoverlapping switch beam-forming net- 
Works, 21-30 to 21-31 
Nonperiodic configuration with multibeam 
antennas, 21-66 
Nonradiative dielectric guides, 17-93 to 
17-98 
Nonreciprocal ferrite phase shifters, 13-63, 
18-14 to 18-15, 21-38 to 21-39 
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Nonresonantly spaced longitudinal slots, 
12-16 to 12-20 
Nontrue time-delay feeds, 19-54 to 19-56 
Nonuniform component of current, 4-103 
Nonuniform excitation of array elements, 
11-29 to 11-30, 11-47 to 11-48 
Normal congruence of rays, 4-6 
Normalized aperture distributions 
circular, 5-21 to 5-22 
rectangular, 5-19 to 5-20 
Normalized intensity of far shields, 1-20 to 
1-21 
Normalized modal cutoff frequencies 
for circular waveguides, 1-46, 1-49 
for rectangular waveguides, 1-42 
Normalized pattern functions, 11-11 to 
11-13 
Normalized resonant modes of microstrip 
antennas, 10-13, 10-15 
frequency of, 10-46 
Norton's theorem for receiving antenna 
loads, 6-3, 6-4 
Nose section of aircraft, simulation of, 
20-78 
N-port analogy, 3-64, 3-85 
NRD guides, 17-35, 17-82 to 17-83, 17-92 
to 17-98 
Nuclear detonations. See Electromagnetic 
pulses 
Null-to-null beamwidths, 22-28 
Nulls 
with apertures 
circular, 5-22 to 5-23 
rectangular, 5-13 to 5-15, 5-19 
in Bayliss line source pattern synthesis, 
13-28 
electrically rotating, 25-11 to 25-12 
filling in of, with tv antennas, 27-7 
with linear arrays, 11-15, 11-40 
with log-spiral conical antennas, 9-102 
with loop antennas, 25-5 to 25-6 
with microstrip antennas, 10-25 to 10-26 
with multiple element feeds, 19-13 
from mutual coupling, 13-45 to 13-46 
with offset reflector antennas, 15-37, 
15-41 
prescribed, arrays with, 11-9 to 11-10 
with two-tower antennas, 26-22 to 26-24 
Numerical Electromagnetic Code, 3-87 to 
3-95 
Numerical implementation for electromag- 
netic field problems, 3-53 to 3-68 
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Numerical modeling errors, 3-69 to 
3-71 
Numerical simulations for antennas, 20-5 
to 20-7 


Numerical solutions 
for aircraft antennas, 20-70 to 20-90 
for ship antennas, 20-90 to 20-97 
Numerical treatment in modeling codes, 
3-81, 3-83 to 3-84, 3-90 
Numerical validation of computer code, ‘ 
3-76 to 3-80 


Obstacles, scattering by, 2-21 to 2-27 
Ocean 
emissivity of, 22-10 to 22-11 
modeling of, 32-79 
reflection coefficient over, 29-38 to 
29-40 
remote sensing of, 22-14 to 22-15 
and remote sensing of humidity, 22-6 to 
22-7 
simulation of, 20-91 
Odd distribution in rectangular apertures, 
5-15 
Odd/even converters, 21-7, 21-54 to 
21-56 
Odd-mode amplitude control, 19-14 to 
19-15 
Off-focus feeds with reflectors, 15-49 to 
15-61 
Offset distance with reflector antennas, 
21-23 
Offset feeds 
for Gregorian feed systems, 19-63 to 
19-66 
for reflectarrays, 19-54 
for reflector antennas, 17-9 
Offset height of offset reflectors, 15-31 to 
15-32 
Offset long-slot array antennas, 17-26 
Offset parabolic reflectors 
edge and feed tapers with, 15-36 to 
15-37 
feed patterns for, 15-34 to 15-36 
geometrical parameters for, 15-31 to 
15-34 
off-focus feeds for, 15-49 to 15-61 
on-focus feeds for, 15-37 to 15-49 
Offset phased array feeds reflector, 19-61 
to 19-62 
Offset reflector antennas, 15-6, 15-23. See 
also Cassegrain offset antennas 


1-42 3 


Offset reflector antennas (cont.) 
dual-reflector, 15-6 to 15-15, 15-73, 
17-11 
satellite, 21-19 to 21-26 
Ohmic losses with remote-sensing micro- 
wave radiometers, 22-32 
Omega navigation systems, 29-27 
Omnidirectional antennas 
dielectric grating, 17-80 to 17-82 
millimeter-wave, 17-32 to 17-34 
for satellite T T & C, 21-90 
tv, 27-5 
On-axis gain of horn antennas, 8-3 to 8-4 
One-parameter model for reflector anten- 
nas, 15-18 to 15-21 
One plane, arrays scanned in, 13-12 to 
13-15 
On-focus feeds with reflectors, 15-37 to 
15-49 
Open-circuit voltage, 2-32 
with UTD solutions, 20-7 
and vector effective height, 6-5 
Open-ended coaxial cable, 24-32 to 24-35 
Open-ended waveguides 
arrays of, 13-44 
circular 
for reflector feeds, 15-90 to 15-93 
with reflector satellite antennas, 21-74 
half-power beamwidths of, 15-105 
dielectric-loaded, for medical applica- 
tions, 24-9 
radiators of, for phased arrays, 18-6 to 
18-7 
rectangular 
electric-field distribution of, 5-14 to 
5-15 
half-power beamwidths of, 15-104 
for reflector feeds, 15-89 to 15-92 
TEM, for medical applications, 24-9 to 
24-13 
Open-periodic structures, 9-55 to 9-56 
Open-wire transmission lines, 28-11 
two-wire, impedance of, 28-12, 28-13 
Optical devices as Fourier 
transformers, 19-95 to 19-98 
Optical feeds. See also Unconstrained 
feeds 
for aperiodic arrays, 19-57 to 19-59 
corporate, for beam-forming feed net- 
works, 18-22 
transform, 19-91 to 19-98 
Optics fields. See Geometrical optics; 
Physical optics 


Optimization array problems, 11-81 to 
11-86 
Optimum pattern distributions, 5-18 to 
5-20 
Optimum working frequency and ionos- | 
pheric propagation, 29-25 
Orbits of satellite antennas, 6-26 
Orthogonal beams, pattern synthesis with, 
13-22 to 13-23 | 
Orthogonal polarization, 21-7 
Orthomode junctions, 21-7 
Orthomode transducers, 22-45 
Out-of-band characteristics and EMP, 30-8 
Outdoor antenna ranges, 32-19 to 32-24, 
33-28 
Outer boundaries of radiating near-field 
regions, 1-18 
Output features in modeling codes, 3-86 
Overfeeding of power with am antennas, 
26-36 to 26-37 
Overlapped subarrays, 13-35 to 13-39 
space-fed system, 19-68 to 19-76 
Overlapping switch beam-forming net- 
Works, 21-31 to 21-32 
Overreach propagation, 29-41 
Oversized waveguide transmission type, 
21-60 
Owf (optimum working frequency), 29-25 
Oxygen 
absorption by, 29-35 
remote sensing of, 22-12 to 22-13 
temperature sounders for, 22-16, 22-21 


Pancake coils, 24-47 to 24-48 
Panel fm antennas, 27-35 to 27.36 
Parabolas, 15-25 to 15-26 
Parabolic patches, 10-18 
Parabolic pillbox feeds, 19-19 to 19-20 
Parabolic reflector antennas, 3-31. See 
also Offset parabolic reflectors 
far-field formulas for, 15-15 to 15-23 
near-field radiation pattern of, 4-109 
Paraboloidal lenses, 21-18 
Paraboloidal surfaces and intersection 
curve, 15-29 to 15-30 
Paraboloid reflectors, 15-76 
with compact antenna ranges, 32-28 to 
32-29 
phased array feeds with, 19-58 to 19-61 
Parallel feed networks, 18-19, 18-21 to 
18-22, 18-26, 19-5 to 19-6 
Parallel plate optics. See Semiconstrained 
feeds 
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Parallel polarization, 31-11 to 31-15 
Parallel-resonant power dividing circuits, 
26-39 to 26-40 
Parasitic arrays, 3-42 
Parasitic reflectors, 9-64 to 9-65 
Partial gain, 1-26 
Partial time-delay systems, 19-52, 19-68 
Partial zoning, lenses with, 16-28 
Passive components for periodic arrays, 
13-60 to 13-62 
Patches and patch antennas. See also Mi- 
crostrip antennas 
elements for, 10-5 to 10-7, 13-60 
medical applications of, 24-18 to 24-20 
parameters for, 10-16 to 10-17 
resonant frequency of, 10-47 to 10-49 
Patch radiators for phased arrays, 18-6 
Path length constraint and errors with lens 
antennas, 16-7 to 16-10, 16-21, 21-18 
bootlace, 16-47 to 16-48 
constrained, 16-41 to 16-51, 19-82 to 
19-83 
geodesic, 19-115, 19-119 
microwave, 19-43 
and phase errors, 16-13 
with pillbox feeds, 19-22 
spherical cap, 16-25 
taper-control, 16-34 to 16-35 
Path losses 
from ionospheric propagation, 29-25 
and line-of-sight propagation, 29-34 to 
29-35 
with offset parabolic reflectors, 15-36 to 
15-37 
of tvro downlink, 6-31 
Pattern cuts and radiation patterns, 32-6 to 
32-8 
Pattern error with multibeam antennas, 
21-65 
Pattern footprint of tvro signal, 6-26, 6-27 
Pattern functions. See Array pattern func- 
tions 
Patterns. See also Far fields; Fields; Near 
fields; Radiation fields and patterns 
of arrays 
aperiodic, 14-30 to 14-32 
multiplication of, 3-36, 11-8 
periodic, 13-12 to 13-29 
synthesis of, 11-76 to 11-86 
distortion of. See Distortion 
with microstrip antennas, 10-21 to 10-26 
periodic, 13-20 to 13-29 
Peak gains, 1-26 to 1-27 


Pekeris functions, 4-52 to 4-54 
Pencil-beam reflector antennas, 15-5 to 
15-6 
AF method with, 15-13 
with direction-finding antennas, 25-20 
far-field formulas for, 15-15 to 15-23 
for satellites, 21-5 
Perfect conductors, 3-36, 3-38 to 3-39, 
3-44, 3-46 
time-domain analyses with, 3-51 : 
Perfect ground planes, 3-18 to 3-20 
Green's functions for, 3-47 to 3-48 
Periodic arrays, 13-5 to 13-11. See also 
Phased arrays 
linear transformations with, 11-31 to 
11-33 
organization of, 13-23 to 13-29 
patterns of, 13-12 to 13-23 
practical, 13-30 to 13-64 
Periodic configuration with multibeam an- 
tennas, 21-66 
Periodic dielectric antennas, 17-34 to 
17-35, 17-48 to 17-82 
Periodic structures, 1-33 to 1-37 
theory of, 9-32 to 9-37 
log-periodic designs based on, 9-62 to 
9-71 
and periodically loaded lines, 9-37 to 
9-46, 9-46 to 9-62 
Period of surface corrugations, 17-64 
Permeability, 1-6 
of core in ferrite loop, 6-20 
Permittivity 
of corrugation regions, 17-53 to 17-54 
and dielectric modeling, 32-72 to 32-73 
of human tissue, 24-12, 24-30 to 24-35, 
24-47 
and leakage constants, 17-61 to 17-63 
of microstrip patch antennas, 17-109 
of open-ended coaxial cable, 24-33 
of substrates, 17-114, 17-124, 17-127 
of troposphere, 29-31 
Perpendicular polarization, 31-11 to 31-12, 
31-14 to 31-20 
Personnel dosimeters, rf, 24-43 
Phantoms for heating patterns of antennas, 
24-54 to 24-57 
Phase-amplitude polarization measurement 
methods, 32-57 to 32-60 
Phase angle of ocean surface, 29-38 
Phase center 
with horn antennas, 8-73 to 8-75 
conical, 8-61, 8-76, 8-78 to 8-80 
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Phase center (cont.) 
E-plane, 8-76 to 8-77 
H-plane, 8-76 to 8-77 
of log-periodic dipole antennas, 9-24 
of log-spiral conical antennas, 9-83, 9-91 
to 9-92, 9-94 
technique to measure, 8-80 to 8-84 
testing for, 32-9 
Phase constants 
for dielectric grating antennas, 17-68, 
17-71 
with leaky mode antennas, 17-51, 17-53 
to 17-62 
for leaky-wave antennas, 17-84 to 17-85, 
17-89 to 17-92, 17-95 to 17-96, 
17-100 
of TE/TM waveguides, 28-37 
for transmission lines, 28-7 
Phase constraint with dielectric lenses, 
16-21 
Phase control, array, 13-62 to 13-64 
Phased arrays. See also Beam-forming 
feed networks; Periodic arrays 
bandwidth of, 13-19 to 13-20 
conical scanning by, 22-39 
design of, 18-3 to 18-5 
and component errors, 18-26 to 
18-28 
feed network selection in, 18-17 to 
18-26 
phase shifter selection in, 18-12 to 
_ 18-17 
radiator selection in, 18-6 to 18-12 
feeds for, 19-58 to 19-62 
horn antennas in, 8-3 
with integrated antennas, 17-134 to 
17-137 
for medical applications, 24-16 to 24-18 
for satellite antennas, 21-7 to 21-12, 
21-68 to 21-71 
Phase delay 
with equal group delay lenses, 16-45 
with series feed networks, 19-3 
Phased lens approach, 19-107 to 19-108 
Phase differences 
and direction-finding antennas, 25-3 
with interferometers, 25-21 to 25-22 
Phase errors 
in antenna ranges, 32-16 to 32-18 
of array feeds, 13-61 
with arrays 
aperiodic, 14-32 
microstrip patch resonator, 17-109 
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periodic, 13-55 
phased, 18-26 to 18-28, 21-12 
with beam-forming feed networks, 
18-25 
with horn antennas 
conical, 8-46 
H-plane, 8-23 
pyramidal, 8-39 to 8-40 : 
with lenses, 16-12 to 16-20, 16-33, 21-13 
to 21-14 
bootlace, 16-47 to 16-48 
constrained, 19-82 
equal group delay, 16-46 
geodesic, 19-115 
spherical, 16-24 to 16-25, 16-29 
surface tolerance, 21-18 
zone constrained, 16-43 to 16-45 
with offset parabolic antennas, 15-49, 
15-55 
with pillbox feeds, 19-21 
from reflector surface errors, 15-107 to 
15-108 
with satellite antennas, 21-5 
Phase fronts with reflector antennas, 15-75 
to 15-76, 15-80 
Phase pattern functions, 11-7 
Phase progression with longitudinal slots, 
12-17 to 12-18 
Phase quantization and array errors, 13-52 
to 13-57, 21-12 
Phase shift 
and mutual coupling, 9-58 
with periodic loads, 9-49 to 9-54 
Phase-shifted aperture distributions, 5-17 
to 5-18 
Phase shifters 
with arrays 
periodic, 13-20, 13-60 to 13-64 
phased, 18-3 to 18-4, 18-6, 18-12 to 
18-17 
with beam-forming networks 
scanned, 21-7, 21-38 to 21-43 
switched, 21-32 
with Butler matrix, 19-9 
with feed systems 
broadband array, 13-40 to 13-41 
directional antenna, 26-40 to 26-43, 
26-45 to 26-47 
for gain ripple, 21-27 
parallel, 19-6 
series, 19-3 to 19-4 
with planar scanning, 22-37 
quantization errors with, 21-12 
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with subarrays 
contiguous, 13-32 to 13-35 
space-fed, 19-68 
in true-time-delay systems, 19-7, 19-80 
with Wheeler Lab approach, 19-105, 
19-107 
Phase squint with subarrays, 13-35 
Phase steering, 13-7 to 13-8, 13-10 
Phase taper in antenna ranges, 32-15 to 
32-19 
Phase term for aperture fields, 8-5 
Phase velocity of TEM transmission lines, 
28-10, 28-22 
Phasors, Maxwell equations for, 1-5 to 1-7 
Physically rotating antenna systems, 25-4 
to 25-11 
Physical models 
errors with, 3-69 to 3-71 
for microstrip antennas, 10-7 to 10-21 
Physical optics and physical optics meth- 
od, 4-5, 4-18 to 4-23 
and computer solutions, 3-54 
and PTD, 4-103 
with reflector antennas, 15-7 to 15-10, 
15-14 
dual-reflector, 15-69, 15-72, 15-75 to 
15-77 
for scattering, 2-25 to 2-27 
Physical theory of diffraction, 4-5, 4-102 to 
4-103 
for edged bodies, 4-104 to 4-108 
Pillbox antennas, 17-28 to 17-30 
Pillbox feeds, 18-22, 19-17 to 19-23 
Pinched-guide polarizers, 21-30 
Pin diodes 
for beam-forming network switches, 
21-38 
for dielectric grating antennas, 17-71 to 
17-72 
with integrated antennas, 17-135 
with microstrip antennas, 10-69 
in phase shifters, 13-62, 18-13 
variable, 21-40 
with variable power dividers, 21-46 to 
21-47 
Pin polarizers, 21-30 
Pitch angle of log-periodic antennas, 
9-39 
Planar antennas 
impedance of, 2-15 to 2-16 
log-periodic antennas, 9-10 to 9-12 
radiated fields of, 9-8 to 9-9 
truncation with, 9-8 
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log-spiral antennas, 9-72 
with polar orbiting satellites, 22-35 to 
22-38 
power radiated by, 5-26 to 5-27 
Planar apertures 
feed elements with, 15-88 
and plane-wave spectra, 5-5 
radiation patterns of, 5-10 to 5-26 
for reflector antennas, 15-14 
Planar arrays, 11-48 to 11-58 
directivity of, 11-63 to 11-65, 13-11 
millimeter-wave antennas, 17-26 
mutual coupling in, 12-32 to 12-33 
optimization of, 11-63 to 11-65 
periodic, transformations with, 11-26 to 
11-29 
rectangular, patterns of, 13-15 to 13-17 
slot, 12-4 to 12-5 
edge, mutual coupling of, 12-27 to 
12-28 
longitudinal, 12-4, 12-20 to 12-24 
triangular, grating lobes of, 13-15 to 
13-17 
of vertical dipoles, geometry of, 11-85 
waveguide, 17-26 
Planar curves 
conic sections as, 15-23 to 15-24 
for reflector surfaces, 15-27 
Planar lenses, 21-18 
Planar quartz substrates, 17-137 
Planar scanning for field measurements, 


Planar transmission lines, 28-30 to 
28-35 
Plane symmetry and computer time and 
storage, 3-65, 3-67 
Plane-wave illumination 
for distance parameters, 4-56 
and GO incident fields, 4-11 to 4-12 
Plane wave propagation 
and dielectric sheets, 31-20 to 31-25 
flat, 31-10 to 31-18 
Plane waves 
polarization of, 1-13 to 1-16 
propagation direction of, 1-16 
reciprocity of, 2-33 to 2-34 
from spherical wavefronts, 16-6, 16-9 to 
16-10 
synthesis of, for field measurements, 
33-21 to 33-22 
Plane-wave spectra, 5-5 to 5-8 
representation of, 1-31 to 1-33 
Plano-convex lenses, 16-20 to 16-21 
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Plate-scattered fields, 20-23 
PO. See Physical optics 
Pockington's equation for dipole arrays, 
13-43 
Poincare sphere, 32-54 to 32-56 
Point-current source, 3-13 to 3-14 
Point matching 
with methods of moments, 3-60 
weight function with, 3-83 
Point-source illumination 
for distance parameter, with UTD, 4-56 
and GO incident field, 4-11 
Polar cap absorptions and ionospheric 
propagation, 29-25 
Polar coordinates with lens antennas, 16-8 
to 16-9 
Polarization, 1-14 to 1-16, 1-19 to 1-21, 
1-28 to 1-29, 3-28 to 3-31. See also 
Circular polarization; Cross polariza- 
tion; Horizontal polarization; Linear 
polarization; Vertical polarization 
for am antennas, 26-3 
of arrays, 11-7 
phased, 18-6, 21-12 
and diagonal horns, 8-70 
for earth coverage satellite 
antennas, 21-82 
efficiency of, 1-26, 2-36, 32-56 
and gain measurements, 32-42 
and mismatch, 2-39 
and Faraday rotation, 29-16 
and Fresnel reflection coefficients, 
3-27 
and gain, 1-25 to 1-26 
of leaky-wave antennas, 17-90, 17-94, 
17-97 
of log-periodic antennas, 9-8 
with log-spiral antennas, 9-74, 9-77 
conical, 9-86, 9-90 to 9-91, 9-99 
measurements of, 32-51 to 32-64 
of microstrip antennas, 10-57 to 10-63, 
10-69 to 10-70 
for microwave radiometers, 22-43 to 
22-45 
parallel, 31-11 to 31-15 
perpendicular, 31-11 to 31-12, 31-14 to 
31-20 
positioners for, 32-12, 32-14 
and radome interface reflections, 31-11 
to 31-13 
and rain, 29-14 
reference, 1-23 


of reflector antennas, 15-5 to 15-6, 
15-89, 21-19 to 21-20, 21-73 
for satellite antennas, 21-6 to 21-7, 
21-80, 21-82 
and surface emissivity, 22-7 to 22-8 
Polarization-agile elements, 10-69 to 10-70 
Polarization ellipses, 1-14 to 1-16 
Polarization-matching factor, 2-36, 6-7 to 
6-8 . 
Polarization pattern, 32-6 
polarization measurement method, 32-62 
to 32-63 
Polarization-transfer methods, 32-56 to 
32-57 
Polarizers ‘ 
for satellite antennas, 21-7, 21-29, 21-30, 
21-74, 21-79 to 21-80 
waveguide, 13-60 to 13-61 
Polar orbiting satellites, 22-35 to 22-43 
Poles of cavities, 10-11 
Polystyrene antennas, 17-44 to 17-46 
Polytetrafluoroethylene bulb for implanta- 
ble antennas, 24-27, 24-29 
Porous pots with earth resistivity meas- 
urements, 23-8 
Positioning systems for antenna ranges, 
32-8 to 32-14, 32-30 to 32-32 
Potter horns 
earth coverage satellite antennas, 21-82 
for reflector antennas, 15-95, 15-100 to 
15-101 
Power 
accepted by antennas, 1-24, 1-25, 22-4 
complex, 1-7 
conservation of, numerical validation of, 
3-79 
incident to antennas, 1-24, 1-25 
input to antenna, 6-6 
overfeeding of, with am antennas, 26-36 
to 26-37 
received by antenna, 2-38, 32-42, 33-22 
reflected, 2-29 
reflection coefficient for, 1-24 
sources of, for millimeter-wave 
antennas, 17-11 
time-averaged, 1-7 to 1-8, 3-11 
for modal fields, 1-46 
in waveguides, 1-39 
transfer ratio for, 6-8 to 6-9 
transformation of, with taper-control 
lenses, 16-37 
with transmission lines, 28-8, 28-10 
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Power amplifiers, integration of, 17-136 
Power conservation law, 16-33 to 16-34 
Power density 
with arrays, 11-59 
with bistatic radar, 2-37 to 2-38 
near-field, 5-29 to 5-33 
of plane waves, 1-14 
of receiving antenna, 6-7 
Power detectors, integration of, 17-136 
Power dividers 
for array feeds, 13-61 
for beam-forming networks 
scanned, 21-7, 21-43 to 21-49 
switched, 21-32 to 21-33 
for directional antenna feeder systems, 
26-39 to 26-40 
fixed beam-forming networks, 21-49 to 
21-53 
for gain ripple with feed arrays, 21-27 
LHCP and RHCP, 21-80 
quantiziation errors with, 21-12 
Power flow integration method for am an- 
tennas, 26-22 to 26-33 
Power gain with multibeam antennas, 21-64 
Power handling capability 
measurements for, 32-4 
of transmission lines, 21-63 
circular coaxial TEM, 28-21 
microstrip planar quasi- TEM, 28-32 to 
28-33 
rectangular TE/TM, 28-39, 28-42 
triplate stripline TEM, 28-28 to 28-29 
two-wire TEM, 28-19 
of waveguides 
circular TE/TM, 28-44 
Power law coefficients for rain attenua- 
tion, 29-12 
Power lines, noise from, 29-51 
Power radiated. See Radiated power 
Power rating 
of rf cables, 28-27 
of standard waveguides, 28-40 to 28-41 
of tv antennas, 27-7 to 27-8 
Power ratio with bistatic radar, 2-36 to 
2-39 
Power transmittance, 2-29 
of A-sandwich panels, 31-18 to 31-19 
and dielectric sheets, 31-14 to 31-16 
efficiency of, 2-43 
with radomes, 31-3, 31-7 
Poynting theorem, 1-7 to 1-8 
Poynting vector for radiated power, 3-11 
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P-percent level curves, 14-12 to 14-14 

Precipitation distributions, remote sensing 
of, 22-14 

Prescribed nulls, 11-9 to 11-10 


‘Pressurized air with transmission lines, 


28-10 
Principal polarization. See Reference po- 
larization 
Principle of stationary phase, 4-6 to 4-7. 
Printed circuits 
dipoles, 13-58 
bandwidth of, 17-122 to 17-127 
and integrated antennas, 17-130 to 
17-131 
millimeter-wave, 17-25, 17-103 to 17-131 
waveguides, 21-57 
ridged, 28-57 to 28-58 
TEM, 21-57 
zigzag, 24-39, 24-40 
Probabilistic approach to aperiodic arrays, 
14-5, 14-8 to 14-35 
Probability mean, 11-81 
Probes 
for alignment, 32-33 
E-field, 24-37 to 24-41 
calibration of, 24-54 to 24-57 
implantable, 24-51 to 24-54 
in-vivo, 24-30 to 24-35, 24-49 to 24-57 
magnetic field, 24-37 to 24-38, 24-40 to 
24-44 
calibration of, 24-54 to 24-57 
and polarization, 32-6 to 32-8 
for rf radiation detection, 24-37 to 24-43 
temperature, 24-40 to 24-51 
Prolate spheroid 
geometry of, 4-82 
rectangular slot in, 4-79 to 4-82 
Propagation, 29-5 to 29-6 
in computer models, 3-55 to 3-56 
ionospheric, 29-21 to 29-30 
with millimeter-wave antennas, 17-5 
noise, 29-47 to 29-52 
and polarization, 1-13 to 1-16 
satellite-earth, 29-7 to 29-21 
tropospheric and surface, 29-40 to 29-47 
Propagation constants 
with conical log-spiral antennas, 9-80 to 
9-84 
for dielectric grating antennas, 17-65 
of microstrip patch resonator arrays, 
17-110 
for plane waves, 29-6 
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Propagation constants (cont.) 

for transmission lines, 28-7 

and UP structures, 9-32 
Protruding dielectric waveguide arrays, 

13-48 to 13-49 
PTD. See Physical theory of diffraction 
Ptfe bulb for implantable antennas, 24-27, 
24-29 

Pulse rf cable, 28-24 to 28-25 
Purcell-type array antennas, 17-27 
Ризћ-рш power dividing circuits, 26-39 
Pyramidal horn antennas, 8-4 

aperture and radiated fields of, 8-34 to 

8-40 

corrugated, 8-51 to 8-59 

design procedure for, 8-43 to 8-45 

directivity of, 8-37 to 8-42 

for feeds for reflectors, 15-92 to 15-93, 

15-96 to 15-98 

gain of, 8-43 to 8-44 

as surface-wave launcher, 17-46 
Pyramidal log-periodic antenna, 9-4 


Q. See Quality factor 
Quadratic phase errors 
in antenna ranges, 32-16 to 32-18 
and conical horn antennas, 8-46 
with lenses, 16-3, 16-14, 16-16 to 16-18, 
16-33 
Quadratic ray pencil, 4-8 
Quadrature hybrids for circular polariza- 
tion, 10-61 
Quadrature power dividing circuits, 
26-39 to 26-40 
Quadrifocal bootlace lenses, 16-47 to 
16-48 
Quality factor 
of arrays, 11-61 to 11-62 
dipoles in, 9-61 to 9-63 
directivity in, 11-67 to 11-68, 11-76 
planar, 11-65 
and SNR, 11-70 to 11-72 
of cavities, 10-11 to 10-13, 10-20, 10-21 
of dipoles 
in arrays, 9-61 to 9-63 
and phase shift, 9-58 
of ferrite loop, 6-22 
with log-periodic structures, 9-55 to 9-56 
dipole arrays, radiation fields in, 9-62 
to 9-63 
of microstrip antennas, 10-6, 10-9, 
10-49, 10-53 


of receiving antennas, 6-22 to 6-23 
and stopband width, 9-49 
Quantization errors with phased arrays, 
13-52 to 13-57, 21-12 
Quarter-wave matching layers for lenses, 
21-19 
Quarter-wave vertical antennas, 26-9 
Quartic errors with lenses, 16-16, 16-18 
Quartz substrate with integrated antennas, 
17-137 


Radar cross section, 2-23 to 2-24 
measurements of, 32-64 
Radar equation, 2-36 to 2-39 
Radar requirements and phased array de- 
sign, 18-4 to 18-5 
Radial slots in cone, 4-78 to 4-80 
Radial transmission line feeds, 19-23 to 
19-32 
Radiated power, 1-25, 3-11 to 3-12, 5-26 to 
5-27, 6-6 to 6-7 
with arrays, 11-60 
of biconical antennas, 3-25 
and cavities, 10-20 
and directive gain, 5-26 
of fm antennas, 27-4, 27-6 
into free space, 2-29 
of space harmonics, 17-52 
of tv antennas, 27-3 to 27-5 
Radiating edges, 10-24 
Radiating elements 
for feed arrays, 21-27 to 21-28 
for phased array design, 18-3 to 18-12 
Radiating near-field region, 1-18 
Radiation angle and grating period in leaky 
modes, 17-56 to 17-58 
Radiation conditions and Maxwell equa- 
tions, 1-9 
Radiation efficiency, 1-25, 3-12 
of microstrip dipole antennas, 17-119, 
17-124 to 17-127 
of microstrip patch resonator arrays, 
17-108 to 17-109 
of receiving antennas, 6-22 to 6-24 
Radiation fields and patterns, 1-11 to 1-13, 
1-20 to 1-21. See also Apertures and 
aperture distributions, radiation from; 
Far fields, Near fields; Patterns; Re- 
active fields 
of am antennas, 26-5 to 26-9, 26-17, 
26-22 to 26-33 
standard reference, 26-3 to 26-8 


index = 
with arrays, 3-36, 3-37 
aperiodic, 14-15, 14-17, 14-19 to 14-21 
circular, on cylinder, 21-100 
conformal, 13-52 
Dolph-Chebyshev, 11-19 to 11-20 
end-fire, 11-76, 11-77. 
periodic, 13-5, 13-8 to 13-10, 13-12 to 
13-17, 13-45 to 13-48 
subarrays, 13-30 to 13-32, 13-35 to 
13-39 
of biconical antennas, 3-26, 21-107, 
21-109 
blackbody, 22-3 to 22-4 
with circular loop antennas, 23-21 
of convex surfaces, 4-63 to 4-84 
of dipole antennas 
short, 20-8 to 20-9 
skewed, 27-14 to 27-18 
with dual fields, 2-5 to 2-6, 3-9, 3-11 
with DuFort optical technique, 19-76, 
19-78 
of feed systems 
radial transmission line, 19-31 to 19-32 
reflector-lens limited-scan concept, 
19-72 to 19-73 
for reflectors, 15-11 to 15-12, 15-86 to 
15-94 
semiconstrained, 19-49, 19-51 to 19-53 
simple, 15-89 to 15-94 
with grounded wire antennas, 23-9 to 
23-16 
with ground planes 
imperfect, 3-27, 3-33 
perfect, 3-22 
of horn antennas, 8-3 
aperture-matched, 8-58, 8-66 to 8-67 
biconical, 21-107, 21-109 
corrugated, 8-53 to 8-59, 8-64, 8-65 
dielectric-loaded, 21-84 to 21-86 
dual-mode, 15-95, 15-100 to 15-101 
E-plane, 8-7 to 8-10 
E-plane-flared biconical, 21-107 
H-plane, 8-20 to 8-26, 8-28 
H-plane-flared biconical, 21-107 
pyramidal, 8-34 to 8-39, 15-92 to 15-93 
and Huygen's principle, 2-18 to 2-19 
and image theory, 2-11 to 2-13 
of implantable antennas, 24-27 to 24-29 
of lenses 
constrained, 19-82, 19-86 to 19-87 
effect of aperture amplitude distribu- 
tions on, 21-14 


1-49 


microwave, 19-45 
modified Meyers, 19-115 to 19-118 
pillbox, 17-28 
for satellites, 21-73, 21-75 to 21-77 
spherical thin, 16-30 
Teflon sphere, 17-188 
of log-periodic antennas 
dipole, 9-17, 9-18, 9-62 to 9-63 
dipole arrays, 9-64 to 9-66 
planar, 9-8 to 9-9 : 
zigzag antennas, 9-39 to 9-40 
of log-spiral antennas, 9-75 
conical, 9-85 to 9-86, 9-89 to 9-92, 
9-99 to 9-109 
of loop antennas, 25-6 to 25-7 
measurements for. $ee Measurement of 
radiation characteristics 
of microstrip antennas, 10-10 
of millimeter-wave antennas 
dielectric grating, 17-69 to 17-70, 
17-72 to 17-81 
dipoles, 17-118 to 17-119, 17-127 to 
17-128 
holographic, 17-132 
leaky-wave, 17-86 
spiral, 17-28 to 17-29 
tapered dielectric-rod, 17-41 to 17-43 
with models, 32-64 
of monofilar zigzag wire antennas, 9-34, 
9-36 
of monopole on aircraft, 20-64, 20-74 to 
20-75, 20-86 to 20-88 
of multibeam antennas, 21-64 
and polarization, 1-20 to 1-21, 1-25 to 
1-26 | 
with radomes, 31-25 to 31-27 
reciprocity of, 2-32 to 2-33 
with reflector antennas, 15-8 to 15-10, 
21-20 to 21-21 
random surface distortion on, 21-23 
slotted cylinder, 21-110 to 21-111 
with satellite antennas, 21-5 
lens, 21-73, 21-75 to 21-77 
multibeam, 21-64 
slotted cylinder reflector, 21-110 to 
21-111 
of side-mount tv antennas, 27-20, 
27-22 
for slot antennas, 27-27 
axial, 21-95, 21-100 
circumferential, 21-92 to 21-93, 21-96 
of small loops, 6-13, 6-17 


Radiation fields and patterns (cont.) 
of subarrays, 13-30 to 13-32, 13-35 to 
13-39 
for TEM waveguides, 24-11 
in tissue, 24-51 to 24-54 
of transmission lines, 21-63 
radial feeds for, 19-31 to 19-32 
TEM, 28-11 
with traveling-wave antennas, 3-16, 3-18 
slot, 27-27 
and UTD solutions, 20-5 
for convex surfaces, 4-63 to 4-84 
with curved surface, 20-18, 20-20, 
20-25 to 20-26, 20-31 to 20-36 
for noncurved surfaces, 20-51 
of vee-dipole antennas, 27-11 
of waveguide-slot antennas, 27-30 to 
27-31 
Radiation resistance, 3-12 
of ferrite loop, 6-21 to 6-22 
of microstrip patch antennas, 17-107 
and mutual impedance, 9-56 
of short dipole, 6-11 to 6-12, 6-14 to 
6-15 
of small loops, 6-19, 25-7 to 25-8 
of vertical antenna, 6-16 
Radiation sphere, 1-19, 1-21, 32-6 to 32-7 
Radiation-type antennas for medical appli- 
cations, 24-9 to 24-18 
Radiative transfer, microwave, 22-4 to 
22-7 
Radio-astronomy 
feeds for, 15-94 
and microwave remote sensing, 22-9 
millimeter-wave antennas for, 17-14, 
17-16 
Radio-frequency cables, list of, 28-23 to 
28-25 
Radio-frequency power absorption, 24-30 
to 24-35 
Radio-frequency radiation, monitoring of, 
24-36 to 24-43 
personnel dosimeters for, 24-43 
Radio horizon, 29-34 
Radius vector with conical log-spiral an- 
tennas, 9-79, 9-98, 9-100 
Radome Antenna and RF Circuitry, 19-54 
to 19-55 
Radomes, 31-3 to 31-5 
on aircraft, numerical solutions for, 
20-74 
and boresight error, 31-27 
design of, 31-18 to 31-20 


and flat dielectric sheets, 31-10 to 31-18, 
31-20 to 31-25 
materials for, 31-29 to 31-30 
modeling of, 32-82 to 32-83 
and moment method, 31-27 to 31-29 
with omnidirectional dielectric grating 
antennas, 17-81 to 17-82 
patterns with, 31-25 to 31-27 · 
physical effects of, 31-5 to 31-10 
Rain 
line-of-sight propagation path loss from, 
29-35 
and millimeter-wave antennas, 17-5 
and noise temperature, 29-49, 29-50 
remote sensing of, 22-12, 22-14 
and satellite-earth propagation 
attenuation of, 29-10 to 29-13 
depolarization of, 29-14 
Random errors 
with arrays 
periodic, 13-53 to 13-57 
phased, 18-26 to 18-28 
with microwave radiometers, 22-23 
with reflector surfaces, 15-105 to 15-114, 
21-23 to 21-24 
Random numbers with aperiodic array de- 
sign, 14-18 to 14-19 
Range equation, 2-38 
Ranges, antenna 
design criteria for, 32-14 to 32-19 
errors with, 33-15 to 33-18 
evaluation of, 32-33 to 32-39 
for field measurements, 33-15 to 33-24 
indoor, 32-25 to 32-30 
instrumentation, 32-30 to 32-33 
outdoor, 32-19 to 32-25 
positioners and coordinate systems for, 
32-8 to 32-14 
RAR (Reflect Array Radar), 19-55 
RARF (Radome Antenna and RF Circui- 
try), 19-54 to 19-55 
Rayleigh approximation and computer so- 
lutions, 3-54 
Rayleigh criterion for smoothness of an- 
tenna ranges, 22-30 to 22-32, 32-22 
Rayleigh-Jeans approximation with black- 
body radiation, 22-3 
Rays, 4-6 to 4-8 
caustics of 
distance of, 4-8 
reflected and transmitted, 4-15 
construction of, with reflector antennas, 
15-11 to 15-12 


Index = 
paths of, with UTD solutions, 20-48 to 
20-49, 20-51 
RCS (radar cross-section), 2-23 to 2-24 
measurements of, 32-64 
Reactive fields, 1-16 to 1-18 
of aperture and plane-wave spectra, 5-5 
coupling of, in antenna ranges, 32-14 
Reactive loads with dual-band elements, 
10-63 to 10-66 
Realized gain, 1-25 
Real poles of cavities, 10-11 
Real space of arrays scanned in one plane, 
13-14 
Received power, 2-38, 32-42, 33-22 
Receiving antennas 
bandwidth and efficiency of, 6-22 to 
6-24 
effective area of, 22-4 
equivalent circuit of, 6-3 
ferrite loop, 6-18 to 6-22 
Friis transmission formula for, 6-8 to 6-9 
grounded-wave, 23-16 to 23-17 
impedance-matching factor of, 6-6 to 6-7 
linear dipole, 7-18 to 7-19 
loops, 23-22 to 23-24 
meters for, 2-30 to 2-32 
mutual impedance between, 6-9 
and noise, 2-42 to 2-43, 6-24 to 6-25 
polarization-matching factor of, 6-7 to 
6-8 
power accepted by, 1-24, 1-25, 22-4 
receiving cross section of, 6-6 
reciprocity of, 2-32 to 2-36 
satellite earth stations, 6-25 to 6-32 
small. See Small receiving antennas 
thin-wire, 7-8 to 7-9 
thin-wire loop, 7-46 to 7-47 
vector effective height of, 6-3 to 6-6 
Receiving cross section, 2-35 to 2-36 
of receiving antennas, 6-6 
of short dipoles, 6-12 to 6-15 
of small loops, 6-18 
Receiving polarization, 32-53 
Receiving systems for antenna ranges, 
32-30 to 32-32 
Receptacles and plugs with modeling, 
32-83 
Reciprocal bases in transformations, 
11-25 
Reciprocal ferrite phase shifters 
dual-mode, 18-14 to 18-15, 21-38 to 
21-40 
for periodic arrays, 13-64 
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Reciprocity, 2-32 to 2-36 
numerical validation of, 3-79 
and reciprocity theorem, 2-16 to 2-18, 
33-7 
with scattering, 2-24 to 2-25 
Recording systems for antenna ranges, 
32-30 to 32-32 
Rectangular anechoic chambers, 32-25 to 
32-26 
Rectangular apertures 
antennas with, 3-21 to 3-24 
compound distributions with, 5-16 to 
5-17 
directive gain of, 5-27 
displaced, phase-shifted distributions 
with, 5-17 to 5-18 
effective area of, 5-27 to 5-28 
efficiency of, 5-28 to 5-29 
gain of, 5-29 
near-field gain reduction factors with, 
5-30 to 5-31 
near-field pattern with, 5-25 to 5-26 
optimum pattern distributions with, 5-18 
to 5-20 
radiation fields of, 5-11 to 5-20, 5-27 
simple distributions with, 5-13 to 5-15 
and uniform aperture distribution, 5-11 
to 5-13 
Rectangular coaxial TEM transmission 
lines, 28-18 
Rectangular conducting plane, RCS of, 
2-23 to 2-24 
Rectangular coordinates with lens anten- 
nas, 16-7 to 16-8 
Rectangular lattices 
field representation for, 1-35 
for phased-array radiators, 18-9 
Rectangular loops 
for mine communications, 23-20 
radiation resistance of, 6-19 
Rectangular patch antennas, 10-41 to 
10-45, 24-19 
characteristics of, 10-16, 10-21 to 10-26 
medical applications of, 24-19 to 24-20 
principle-plane patterns of, 10-22 
resonant frequency of, 10-46 to 10-47 
Rectangular planar arrays, patterns of, 
13-15 to 13-17 
Rectangular slots 
in cones, mutual coupling of, 4-91 to 
4-92 
in prolate spheroid, radiation pattern of, 
4-79 to 4-82 
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Rectangular tapered dielectric-rod anten- 
nas, 17-37 to 17-38 
Rectangular waveguides, 1-37 to 1-44, 
21-60 
currents in, 12-3 to 12-4 
dielectric, 28-51 to 28-54 
impedance of, 2-28 
with infinite array solutions, 13-48 to 
13-49 
mutual coupling with, 13-44 to 13-45 
open-ended 
feeds for, half-power beamwidths of, 
15-104 
radiators of, for phased arrays, 18-6 
for reflectors, 15-89 to 15-92, 15-104 
radiation from, 1-28 
TE/TM, 28-38 to 28-42 
voltage and current in, 2-28 to 2-29 
Rectangular XY-scanners, 33-19 
Reduction factor for line-of-sight propaga- 
tion, 29-36 
Redundant computer operations and sym- 
metry, 3-65 
Reference polarization, 1-23 
of microwave antennas, 33-20 
with probe antennas, 32-8 
Reflect Array Radar, 19-55 
Reflectarrays, 19-54 to 19-55 
Reflected fields. See Reflections and re- 
flected fields 
Reflected power, 2-29 
Reflection boundaries and UTD, 4-34 
Reflection coefficients 
approximation of, for imperfect 
grounds, 3-48 
with coaxial sleeve antennas, 7-36 
for dielectric grating antennas, 17-71, 
17-81 
and imperfect ground planes, 3-27 
with linear dipole antennas, 7-23 
of ocean surface, 29-38 to 29-40 
with tapered dielectric-rod antennas, 
17-44 to 17-46 
with transmission lines, 2-28, 28-7, 28-8 
with unloaded transmitting antennas, 
7-13 
with UTD noncurved surface solutions, 
20-43, 20-44 
Reflections and reflected fields 
from aircraft wings, 20-78 
in antenna ranges, 32-34 to 32-37 
errors from, in scanning ranges, 33-16 


and Fresnel ellipsoid, 29-36 
GO, 4-13 to 4-18 
by human tissue, 24-7 
and imperfect ground planes, 3-27, 
3-33 
lobes from, 19-5 
and multipath propagation, 29-37 
and plane boundaries, 31-10 to 3f-12 
with radomes, 31-5, 31-6, 31-10 to 31-17 
reflected-diffracted, 20-29, 20-33, 20-37, 
20-43, 20-45, 20-55 
reflected-reflected, 20-29, 20-33, 20-45 
in scattering problems, 2-13 to 2-14 
shadow boundary, 4-13 
space-fed arrays with, 21-34, 21-36 
space feed types, 18-17 to 18-19 
and spatial variations in antenna ranges, 
32-19 
with UTD solutions, 20-8 to 20-9, 20-15 
for curved surfaces, 20-21, 20-23 to 
20-25, 20-29, 20-31 
for noncurved surfaces, 20-37, 20-42, 
20-44, 20-49, 20-53 to 20-54, 20-59 
to 20-60 
Reflectivity of surfaces, 22-8 to 22-9 
Reflector antennas, 15-5 
for antenna ranges, 32-28 to 32-30 
basic formulations for, 15-6 to 15-15 
bifocal lens, 16-30 to 16-33 
contour beam, 15-80 to 15-84 
and coordinate transformations, 15-115 
to 15-120 
diameter of, 21-24 
dual. See Dual-reflector antennas 
far-field formulas for, 15-15 to 15-23 
with feed, rotating antenna systems, 
25-4 
feeds for, 15-84 to 15-105 
generated, 15-23 to 15-31 
with implantable antennas, 24-27 to 
24-28 
millimeter-wave, 17-9 to 17-14 
with off-focus feeds, 15-49 to 15-61 
offset parabolic, 15-31 to 15-61 
with on-focus feeds, 15-37 to 15-49 
phased arrays, 21-12 
random surface errors on, 15-105 to 
15-114 
satellite, 21-7, 21-8, 21-19 to 21-26, 21-73 
to 21-74, 21-77 to 21-81 
surfaces for, 15-26 to 15-29 
types of, 15-5 to 15-6, 21-20 to 21-22 


Reflector coordinates 
with reflector antennas, 15-7, 15-88 to 
15-89 
transformations with, 15-115, 15-117 to 
15-119 
Reflector-lens limited-scan feed concept, 
19-67 to 19-73 
Refraction 
and line-of-sight propagation, 29-32 to 
29-33 
and plane boundaries, 31-10 to 31-12 
Refractive index, 29-7 
of atmosphere, 29-30 to 29-32 
and ionosphere, 29-14 to 29-15, 29-21 to 
29-22 
lenses with varying, 16-51 to 16-54 
of short monopoles, 24-31 
of troposphere, 29-46 
Regularization synthesis method, 21-65 
Relabeling of bases in transformations, 
11-25 
Relative dielectric constant, 1-7 
Relative permeability, 1-7 
Remote sensing 
antenna requirements for, 22-16 to 22-46 
microwave radiometry for, 22-9 to 22-16 
sleeve dipole for, 7-26 
Reradiated fields and imperfect ground 
planes, 3-48 
Reradiative coupling in antenna ranges, 
32-14 
Resistance. See also Radiation resistance 
of free space, 26-25 to 26-26 
measurements of, electrode arrays for, 
23-4 to 23-8 
surface, 1-43 
Resonance 
in inclined narrow wall siot arrays, 
12-26 
with planar arrays, 12-21 to 12-22 
in slot arrays, 12-14 to 12-15 
and thin-wire antennas, 7-10 
validation of computer code for, 3-73 to 
3-76 
Resonant arrays, 17-114, 17-118 to 17-119 
Resonant frequency 
of am towers, 26-9 to 26-12 
for microstrip antennas, 10-9, 10-44 to 
10-49 
of loaded elements, 10-53 to 10-54 
Resonant impedance, 10-28, 10-30 to 
10-31 
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Resonant loads with dual-band elements, 
10-63 to 10-66 
Resonant modes of cavities, 10-13, 10-15 
Resonantly spaced longitudinal slots, 12-13 
to 12-16 
Resonator millimeter-wave antennas, 17-35 
to 17-36 
Rexolite with lenses, 16-22, 16-36 to 16-37 
Rf. See Radio-frequency 
RG-type cables, 28-22 to 28-25 
Rhombic antennas, 3-31 
dielectric plate, 17-23, 17-25 
Richmond formulation with radomes, 
31-27 to 31-29 
Ridged-waveguide antennas 
for medical applications, 24-12 to 
24-16 
phased arrays for satellite antennas, 
21-12 — 
TE/TM, 28-45 to 28-49 
Ridge-loaded waveguide arrays, 13-48 to 
13-49 
Ridge waveguide feed transmissions, 21-56 
to 21-58 
Right-hand circular polarization, 1-15, 
1-20 
of arrays, 11-7 
dual-mode converters for, 21-78, 21-80 
far-field pattern for, 1-29 
for microstrip antennas, 10-59, 10-69 
with offset parabolic reflectors, 15-36, 
15-48 to 15-50 
power dividers for, 21-78, 21-80 
Right-hand elliptical polarization, 1-16, 
9-74 
Rinehart-Luneburg lenses, 19-41 to 19-49 
Ring focus 
with bifocal lenses, 16-32 
with DuFort-Uyeda lenses, 19-49 
Ring-loaded slots, 8-64 
Ripples 
with conformal arrays, 13-50 to 13-52 
with feed arrays, 21-27 
Rock conductivity, dielectric logging for, 
23-24 to 23-25 
Rod antennas, effective receiving area of, 
30-10 
Roll-over-azimuth positioners, 32-12 
Rotary-field phase shifters, 13-64 
Rotary joints for beam-forming networks, 
21-53, 21-55 
Rotating antenna patterns, 25-4 to 25-11 
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Rotating reflector 
with conical Scanning, 22-40 
with direction-finding antennas, 25-10 
with feed rotating antenna Systems, 25.4 
to 25-5 
Rotating-source polarization measurement 
method, 32.63 
Rotational symmetry 
and computer time and Storage, 3-67 to 
3-68 
dielectric grating antennas with, 17-80 to 
17-81 
Rotman and Turner line source lenses, 
19-37 to 19-41 
ROTSY modeling code, 3-88 to 3-9] 
Rounded-edge triplate striplines, 28-17 
RSB (reflection Shadow boundary), 4-13 
R-3 singularity, integration involving, 2-9 
to 2-10 
R-2R lenses, 16-48 to 16-49 
Run-time features in modeling codes, 3-86 
Ruze lenses, 19.39 


Saltwater, modeling of, 32-79, 32-80. See 
also Ocean 
Sam-D Radar, 19.55 
Sample directivity in aperiodic array de- 
sign, 14-15, 14-17 
Sample radiation patterns in aperiodic ar- 
ray design, 14-15, 14-17, 14-19 to 
14-21 
Sampling Systems, 26-41 to 26.44 
Sampling theorem, 15-10 
SAR, 22-30 
Satellite antennas and systems, 21.3 
communication. See Communication 
satellite antennas 
conformal array for, 13-49 
contour beam antennas for, 15-5, 15.80 
to 15-87 
earth coverage, 21-80 to 21-89 
earth receiving antennas for, 6-25 to 
6-32 
lenses for, 16-22 
millimeter-wave, 17-15, 17-19 to 17-20 
Spherical-thin, 16-28 
taper-control, 16-36 
Zoning of, 16-38 
limited scan antennas for, 19-56 
low earth orbiting 22-35 to 22.43 
for microwave remote sensing, 22-9 to 
22-10 


millimeter-wave antennas for, 17-7, 
17-11 to 17-12, 17-14 
: lens, 17-15, 17-19 to 17-20 
modeling of, 32-86 
offset parabolic antennas for, 15-58 
polar orbiting, 22.34 to 22-42 
propagation for, 29-7 to 29.2] 
reflector antennas for, 15-5 
testing of, 33.4 
tracking, telemetry, and command, 
21-89 to 21-111 
weather, 22.14 
S-band phased array satellite antennas, 
21-68 to 21-71 
Scalar conical horn antennas, 8-61 
Scalar wave equation, 2-6 to 2-7 
Scaling. See also Modeling 
with log-periodic dipole antennas, 9-12, 
9-14 
and directivity, 9-20, 9-22 to 9-24 
and element length, 9-31 to 9-32 
and swr, 9-27, 9.28 
with log-periodic planar antennas, 9-9 to 
9-10 
for millimeter-wave antennas, 17-7 to 
17-9 
with modeling, 32.74 to 32-86 
with offset parabolic antennas, 15-81 
and principal-plane beamwidths, 9.9 to 
9-10 
SCAMS (scanning microwave Spectrome- 
ter), 22-26, 22-37, 22.43 
Scan angles vs. directivity, with arrays, 
11-78 
Scan characteristics, array, 14-24 to 14-25 
Scanned beams 
beam-forming feed networks for, 18-2], 
18-24, 21-27 to 21-34, 21-37 to 21-49 
with offset parabolic antennas, 15-51, 
15-53 
with phased array satellite antennas, 
21-71 
Scanning. $ее Beam scanning 
Scanning microwave Spectrometers, 22-26, 
22-37, 22-43 
Scanning multichannel microwave radi- 
ometer, 22-22 
calibration of, 22.25 to 22-26 
compared to 55МЛ, 22-48 
а$ conical scanning device, 22-40 to 
22-42 
as continuous scan type, 22-43 


modulating frequency of, 22-24 
momentum compensation devices in, 
22-46 to 22-47 
onboard reference targets for, 22-26 
as step scan type, 22-43 
Scanning ranges. See Ranges, antenna 
Scanning thermographic cameras, 24-51 
Scan performance 
of dual-reflector antennas, 15-71 to 
15-73, 15-78 to 15-79 
of zoned lenses, 16-28 
Scattering and scattered propagation 
fields, 2-21 to 2-27, 4-49 
and Babinet principle, 2-13 to 2-15 
cross section of, 2-22 to 2-25 
and dielectric thickness, 10-6 
with dual fields, 2-5 to 2-6 
field representation of, 1-33 to 1-37 
ionospheric, 29-28 to 29-30 
in longitudinal slots, 12-7, 12-10 to 12-11 
losses from, with remote-sensing micro- 
wave radiometers, 22-32, 22-33 
plate-scattered fields, 20-23 
and PO, 4-20, 4-22 
by radomes, 20-74, 31-5 
with reflector antennas, 15-7, 15-11 
with shipboard antennas, 20-90 to 20-97 
in slot array design, 12-35 to 12-36 
tropospheric, 29-46 to 29-47 
for UTD solutions 
centers of, 20-4 to 20-6 
for convex surfaces, 4-49 to 4-63 
for curved surfaces, 20-18 
for noncurved surfaaces, 20-47, 20-49, 
20-51 to 20-52, 20-57 to 20-60 
Scattering matrix for planar arrays, 12-21 
Scattering matrix planar scanning, 33-7 
Schelkunoff's induction theorem, 31-25 
Schiffman phase shifters, 13-62 
Schlumberger array, 23-5 to 23-7 
Schmidt corrector with wide-angle lenses, 
16-23 to 16-28 
Schottky diodes for integrated antennas, 
17-133 to 17-134, 17-138 to 17-139, 
17-141 
Schumaun resonance and ionospheric 
propagation, 29-27 
Scintillation | 
from fog and turbulence, 29-36 
index for, 29-16 to 29-17 
and satellite-earth propagation, 29-16 to 
29-21 
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SCS (scattering cross section), 2-24 to 
2-25 
Sea. See Ocean 
Seasat satellite, 22-17 
SMMR on, 22-22 
Second-order effects in slot array design, 
12-34 to 12-36 
Second-order scattering, 20-49 
Security, transmission, with millimeter; 
wave antennas, 17-6 to 17-7 
Seidel lens aberrations, 16-14, 21-13 
Self-admittance with microstrip antennas, 
10-7 
Self-baluns, 9-16, 9-17 : 
Self base impedance of am antennas, 26-8 
. to 26-12 
Self-complementary antennas, 9-5 to 9-7 
log-spiral, 9-98 to 9-99 
Self-conductance with microstrip anten- 
nas, 10-7 
Self-resistance of am antennas, 26-8 
Semicircular arrays, 11-78 to 11-80 
Semicircular-rod directional couplers, 
21-50 
Semiconstrained feeds, 19-15 to 19-19 
DuFort-Uyeda lens, 19-49 
Meyer lens, 19-32 to 19-37 
pillbox, 19-19 to 19-23 
radial transmission line, 19-23 to 19-32 
Rinehart-Luneburg lens, 19-41 to 19-49 
Rotman and Turner line source micro- 
wave lens, 19-37 to 19-41 
Sense of rotation with polarization ellipse, 
1-16 
Sensing systems, millimeter-wave anten- 
nas for, 17-5. See also Remote sen- 
sing 
Sensitivity and reception, 6-10 
with planar arrays, 11-65 
SEO-I and -II satellites, 22-17 
Septum polarizers, 21-30 
with reflector satellite antennas, 21-74, 
21-79 to 21-80 
tapered, 13-60 to 13-61 
Serial shift registers, 18-3 to 18-4 
Series couplers, 19-4 to 19-5 
Series-fed arrays 
for microstrip dipole antennas, 17-119 
microstrip patch resonator, 17-113 to 
17-116 
Series feed networks, 18-9, 18-21, 18-26, 
19-3 to 19-5 


Series impedance of transmission lines, 
28-5 
Series resonant magnetic field probes, 
24-43, 24-44 
Series-resonant power dividing circuits, 
26-39 to 26-40 
Series slot radiators with phased arrays, 
18-8 
Shadow boundaries 
and GO, 4-10, 4-17 
and PO, 4-22 
and PTD, 4-103 to 4-104 
and UTD, 4-32, 4-34, 4-36, 4-74, 20-8, 
20-12 
Shadow regions, 4-5, 4-75 
and diffracted rays, 4-3, 4-108 
Fock parameter for, 4-69 
and GO incident field, 4-10 
terms for, 4-67 
and UTD, 4-52, 4-63, 4-65 
with curved surfaces, 20-20 to 20-21 
Shaped-beam antennas 
in antenna ranges, 32-19 
horns, 21-5, 21-82, 21-87 to 21-89 
Shaped lenses, 21-18 
Shaped reflectors, 15-73, 15-75 to 15-80 
Shaped tapered dielectric-rod antennas, 
17-37 to 17-38 
Shapes for simulation of environments, 
20-8 
Shaping techniques for lens antennas, 
17-19 
Sheleg method, 19-103 to 19-105 
Shielded-wire transmission lines, 28-11 
two-wire, impedance of, 28-15 
Shields 
with loops, 25-9 
with scanning ranges, 33-16 
Shift registers, 18-3 to 18-4 
Ships and shipboard antennas 
models for, 32-74, 32-77 to 32-79 
numerical solutions for, 20-90 to 20-97 
simulation of, 20-7 to 20-8 
Short antennas 
dipole, 3-13 to 3-15, 6-10 to 6-13, 6-15 
array of, 3-38 to 3-39 
compared to small loop antenna, 3-16 
fields with, 3-34 
UTD solutions for, 20-8 to 20-15 
monopole 
impedance of, 6-12 


for in-vivo measurements, 24-30 to 
24-32 
mutual impedance of, 4-94 
Short-circuit current, 2-32 
and vector effective height, 6-5 
Shorted patch microstrip elements, 13-60 
Shoulder lobes and phase taper, 32-16 
Shunt admittance of transmission lines, 
9-47 to 9-49, 28-5 
Shunt couplers, 19-4 
Shunt-slot array antennas, 17-26 
Shunt slot radiators, 18-8 
Side firing log-periodic diode arrays, 9-63 
to 9-65 
Side lobes, 1-20 
and antenna ranges 
compact, 33-23 
measurement of, 33-17 
phase errors in, 32-19 
and aperture field distibutions, 21-14, 
21-16 
with apertures 
circular, 5-22 to 5-23 
rectangular, 5-12 to 5-14, 5-16, 5-18 to 
5-20 
with arrays, 11-15 
aperiodic, 14-4, 14-5, 14-8, 14-14 to 
14-19, 14-23 to 14-32 
binomial, 11-11 
conformal, 13-52 
Dolph-Chebyshev, 11-13 to 11-14, 
11-18, 11-21, 11-49 to 11-50 
edge-slot, 17-27 
feed, for satellite antennas, 21-27 
periodic, 9-44, 9-45, 13-10 to 13-11, 
13-18 
phased, 18-3, 18-26 to 18-28, 19-60, 
19-61 
from random errors, 13-53 to 13-55 
scanned in one plane, 13-12 
with beam-forming networks, 18-25, 
21-57 
and beamwidth, 9-44, 9-45, 13-18 
with DuFort optical technique, 19-76 
with feed systems 
arrays for satellite antennas, 21-27 
constrained, 18-20 
Gregorian, 19-65 
parallel, 19-5 
transmission line, radial, 19-26, 19-31, 
19-33 


with horn antennas 
corrugated, 8-55 
multimode, 8-70 
and lateral feed displacement, 21-20 
with lens antennas, 16-5 
coma aberrations, 16-22 to 16-23, 
16-41, 21-14 
distortion in, 16-17 
DuFort-Uyeda, 19-53 
millimeter-wave, 17-15, 17-19, 17-20 
obeying Abbe sine condition, 19-98 
power distribution of, 21-18 
quadratic errors in, 16-14 
taper-control, 16-33 
TEM, 21-16 
and log-periodic zigzag antennas, 9-44, 
9-45 
measurement of, 33-17 
and microwave radiometer beam effi- 
ciency, 22-28 
with millimeter-wave antennas 
dielectric grating, 17-69, 17-75 to 
17-77 
geodesic, 17-32 
lens, 17-15, 17-19, 17-20 : 
metal grating, 17-69 
microstrip patch resonator arrays, 
17-115 to 17-116 
tapered dielectric-rod, 17-38 to 17-43, 
17-47 
with offset parabolic antennas, 15-33, 
15-37, 15-41 to 15-42 
with orthogonal beam synthesis, 13-22 
with parabolic pillbox feeds, 19-20, 
19-22 
from radomes, 31-6 
and reflections, 32-34 to 32-37 
with reflector antennas 
millimeter-wave, 17-9 
satellite, 21-23 
surface errors on, 15-105 to 15-106, 
15-109 to 15-110, 15-112 to 
15-114, 21-26 


tapered-aperture, 15-16 to 15-17, 15-21 


to 15-23 
and reradiative coupling, 32-14 
with satellite antennas, 21-5, 21-7 
with Schiffman phase shifters, 13-62 
and series feed networks, 19-5 
slots for, 8-63 
with space-fed arrays, 19-55 
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and subarrays, 13-30, 13-32, 13-39 
with synthesized patterns, 13-23 to 13-29 
with waveguides, open-ended 
circular, 15-94 to 15-95 
rectangular, 15-91 to 15-92 
Side-mount antennas 
circularly polarized tv, 27-20 to 27-23 
for multiple-antenna installations, 27;37 
Sidefire helical tv antennas, 27-24 to 27-26 
Sidewall inclined-slot array antennas, 
17-26 
Signal-power to noise-power ratio for tvro 
link, 6-30 


- Signal-to-noise ratio and mismatches, 6-25 


with arrays, 11-58 to 11-63, 11-70 to 
11-76 
with satellite antennas, 6-31 
Significant height and ocean reflection 
coefficient, 29-38 to 29-40 
Simple distributions 
with circular apertures, 5-23 
with rectangular apertures, 5-13 to 5-15 
Simple lenses, 16-9 to 16-12 
Simulation 
of antennas, 20-5 to 20-7 
of environment, 20-7 to 20-53 
Simultaneous multi-beam systems, 19-79 
to 19-80 
Single-dielectric microstrip lines, 28-16 
Single-feed circular polarization, 10-57 to 
10-61 
Single-wire transmission lines, 28-13 to 
28-15 
Sinusoidal-aperture antennas, 3-24 
Sinusoidal current distribution, 3-14, 
3-17 
Skewed dipole antennas 
fm, 27-34 to 27-35 
tv, 27-11 to 27-18 
Skin-effect resistance, 1-43 
Skylab satellite, 22-17 
Slant antenna ranges, 32-24 to 32-25 
Sleeve antennas 
coaxial sleeve, 7-29 to 7-37 
dipole, 7-26 to 7-29 
with implantable antennas, 24-26 to 
24-27 
junction effect with, 7-23 to 7-26 
monopole, 7-29 to 7-31 
Slope of lenses, 16-9 
Slope diffraction, 4-38 to 4-40, 4-108 


Slot antennas, 3-31 
on aircraft wing, 20-85 to 20-86, 20-90 
annular, 30-13 
Babinet principle for, 30-14 to 30-16 
balanced, 9-72 to 9-73 
effective receiving area of, 30-10 
impedance of, 2-15 to 2-16, 9-78 to 9-79 
microstrip, for medical applications, 
24-22 to 24-24 
radiation pattern of, 4-61 
stripline, 13-58 to 13-59 
tv, 27-26 to 27-31 
Slot arrays 
cavity-backed, 9-68 to 9-72 
on curved surfaces, 13-51 to 13-52 
millimeter-wave, 17-26 
waveguide-fed, design of, 12-3 to 12-6 
aperture distribution in, 12-24 
and center-inclined broad wall slots, 
12-24 to 12-25 
and E-field distribution, 12-6 to 12-10 
and equations for slots, 12-10 to 12-13 
far-field and near-field diagnostics for, 
12-36 to 12-37 
and inclined narrow wall slots, 12-25 
to 12-28 
for large arrays, 12-28 to 12-34 
and nonresonantly spaced slots, 12-16 
to 12-20 
for planar arrays, 12-20 to 12-24 
and resonantly spaced slots, 12-13 to 
12-16 
second-order effects in, 12-34 to 12-36 
Slot line transmission types, 21-59, 21-61 
Slot line waveguides, 28-53 to 28-57 
Slot radiators 
for aperture antennas, 4-64 
with phased arrays, 18-8 
Slots, 3-31 
axis, 4-75, 4-77, 21-92, 21-95 
in circular cylinder, 4-77 to 4-79 
mounted in plate-cylinder, 4-61 
for side lobes, 8-63 
in sphere, 4-77 to 4-79 
voltages in, 12-10 to 12-12 
Slotted cylinder reflector antennas, 21-110 
to 21-111 
Slotted waveguide array antennas, 17-26, 
17-33 
Small dipole antennas, 3-28 
and EMP, 30-9 


Small loop antennas, 3-16, 3-19, 6-13, 6-17 
to 6-19, 7-46 to 7-47 
Small receiving antennas, 6-9 
bandwidth of, 6-22 to 6-24 
short dipole, 6-10 to 6-16 
small loop, 3-16, 3-19, 6-13, 6-17 to 6-18, 
7-46 to 7-47 
SMMR. See Scanning multichannel micro- 
wave radiometer 
Snell's law of refraction, 32-70 
and lenses, 21-18 
constrained, 16-51 
dielectric, 16-6, 16-8 to 16-9 
taper-control, 16-34 
with rays, 4-8 to 4-9 
Snow and snowpack 
depolarization by, 29-14 
probing of, 23-25 
remote sensing of, 22-7, 22-15 to 22-16 
SNR. See Signal-to-noise ratio 
Soil 
emissivity of, 22-9 to 22-10 
probing of, 23-25 
remote sensing of moisture in, 22-13, 
22-15 to 22-16 
Solar radiation and ionospheric propaga- 
tion, 29-14, 29-25 
noise from, 29-50 
Solid bodies 
integral equations for, 3-46 
time-domain solutions with, 3-63 


‚ Solid-state components 


in integrated antennas, 17-131 
for millimeter-wave antennas, 17-11 
Solid thin-wire antennas, 7-10 to 7-11 
Sommerfield treatment, 3-49 to 3-50 
Sounders. See also Microwave sounder 
units; Temperature sounders 
humidity, 22-14, 22-22 
Source field patterns with UTD solutions, 
20-15 
for curved surfaces, 20-25, 20-29, 20-31 
for noncurved surfaces, 20-37 to 20-42, 
20-48 
Sources 
radiation from, 1-11 to 1-13 
for transmitting antennas, 2-29 to 2-30 
Space applications, lens antennas for, 16-5 
to 16-6 
Space-combination with millimeter-wave 
antennas, 17-11 


index — 


Space configuration with am antennas, 
26-17 to 26-19 
Spacecraft constraints for microwave radi- 
ometers, 22-46 to 22-47 
Spaced loops for direction-finding anten- 
nas, 25-9 to 25-11 
Spaced-tapered arrays, 14-6 to 14-8 
Space factors, cylinder, 21-98 to 21-100 
Space feeds 
for beam-forming feed networks, 18-17 
to 18-19 
for arrays in, 21-34, 21-35 to 21-36 
for reflectarrays, 19-54 to 19-56 
for subarray systems, 13-26, 19-68 to 
19-69, 19-70 to 19-76 
Space harmonics 
for dielectric grating antennas, 17-72 
with periodic dielectric antennas, 17-51 
to 17-53 
and periodic structure theory, 9-33 to 
9-35, 9-55 to 9-56 
and scattered fields, 1-34 to 1-35 
Space shuttle and remote sensing, 22-10 
Space waves for leaky-wave antennas, 
17-100 to 17-101 
Spacing with arrays, 3-36 
aperiodic, 14-4 to 14-5 
with log-periodic dipole antennas, 9-28, 
9-29, 9-31 
S-parameter matrix, 10-34 to 10-37 
Spatial coupling with UTD solutions, 20-6 
to 20-7 
Spatial diplexers, 21-54 
Spatial resolution of microwave radiome- 
ters, 22-30 to 22-32 
Spatial variations in antenna ranges, 32-19 
Special sensor microwave/imager, 22-25 
momentum compensation devices in, 
22-46 to 22-47 
polarization with, 22-48 
scanning by, 22-46 to 22-47 
Special sensor microwave/temperature 
sounder, 22-14 
Spectrum functions and aperture fields, 
5-6 
Specular reflections in indoor ranges, 
32-27 
Speed of phase propagation, 29-7 
Sphere 
radiation, 1-19, 1-21, 32-6 to 32-7 
slot in, radiation pattern of, 4-78 
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Spherical aberrations with lenses, 16-15, 
16-20 
spherical thin, 16-29 
Spherical coordinates, 3-24 
positioning system for, 32-8 to 32-13 
transformations of, 15-115 to 15-120 
Spherical dipole antennas, 30-14 
Spherical lenses, 21-18. See also Luneburg 
lenses Я 
aberrations with, 21-13 to 21-14 
cap, 16-23 to 16-27 
Maxwell fish-eye, 16-52 to 16-53 
symmetrical, 17-15 
thin, 16-28 to 16-30 
Spherical near-field test, 33-20 
Spherical radiation pattern of am anten- 
nas, 26-4, 26-8 to 26-9 
Spherical reflector systems 
with satellite antennas, 21-20 to 21-21 
with wide-angle multiple-beam systems, 
19-80 
Spherical scanning for field measurements, 
33-12 to 33-15 
Spherical surfaces 
and intersection curve, 15-29 
for lenses, 16-11 to 16-12 
for offset parabolic antennas, 15-56 
Spherical-wave illumination 
for distance parameter, with UTD, 4-56 
and GO incident field, 4-11 to 4-12 
Spherical waves 
and biconical antennas, 3-24 to 3-25 
transformation of, to plane waves, 16-6, 
16-9 to 16-10 
Spillover 
with DuFort optical technique, 19-76, 
19-78 
and lens antennas, 16-5 
taper-control, 16-37 
with offset parabolic antennas, 15-37, 
15-42, 15-47, 15-56 
Spinning-diode circular polarization pat- 
terns, 10-60 to 10-62 
Spinning geosynchronous satellites, 22-43 
Spin-scan technique, efficiency of, 22-34 
Spin-stabilized satellites, 21-90 
Spiral angle with log-spiral antennas, 9-108 
and directivity, 9-89 
Spiral antennas, 17-27 to 17-28. See also 
Log-spiral antennas 
balanced, 9-78 


1-60 = 


Spiral-phase fields, 9-109 
Spiral-rate constant, 9-72, 9-102 
Split-tee power dividers 

for array feeds, 13-61 

stripline, 21-50, 21-51 
Spread-F irregularities 

and scintillations, 29-18 to 29-19 

and vhf ionospheric propagation, 29-29 
Square apertures, 5-32 to 5-33 
Square coaxial transmission lines, 28-18 
Square log-periodic antennas, 9-3, 9-4 
Square waveguides 

for circular polarization, 16-43 


normalized modal cutoff frequencies for, 


1-42 
SSB. See Surface shadow boundary 
S-65-147 vhf antenna, 30-25 to 30-26 
S-65-8262-2 uhf antenna, 30-22 
SSM/I. See Special sensor microwave/ 
imager 
SSM/T (special sensor microwave/temper- 
ature sounder), 22-14 
Stabilizers, aircraft, simulation of, 20-73, 
20-78, 20-82 to 20-83 
Staggered-slot array antennas, 17-26 
Standard am antenna patterris, 26-35 to 
26-36 
Standard-gain horn, 8-43 
Standard radio atmosphere, 29-32 
Standard reference am antennas, 26-3 to 
26-22 
Standard waveguides, 28-40 to 28-41 
Standing-wave fed arrays, 12-4, 12-13 to 
12-16 
Stationary phase point, 4-7 
Steering 
with periodic arrays, 13-7 to 13-10 
with subarrays, 13-32 to 13-35 
Step functions 
for convex surfaces, 4-28 
in scattering problem, 4-51 
for wedges, 4-25 
Step scans compared to continuous scans, 
22-42 
Stepped-horn antennas, 21-82 to 21-84 
Stepped-septum polarizer, 13-61 


Stopbands 
with dielectric grating antennas, 17-71, 
17-81 
with leaky-mode antennas, 17-52, 
17-68 
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for log-periodic dipole antennas, 9-61 to 
9-62, 9-64 to 9-65 
with periodic loads, 9-49 to 9-50, 9-55, 
9-58 
Stored energy with cavities, 10-20 
Straight lines and intersection curve, 15-27 
Straight wire antennas, 3-49 to 3-50 
Stratton-Chu formula, 2-21 
Stray efficiency of microwave гафоте- 
ters, 22-29 
Strip antennas, impedance of, 2-15 to 2-16 
Strip dielectric guide transmission type, 
21-62 
Strip edge-diffracted fields, 20-21 to 20-23 
Stripline techniques, 17-106 
for arrays, 13-61 
blindness in, 13-47 
asymmetric, 17-84 to 17-87, 17-97 to 
17-98 
for beam-forming networks, 20-50 to 
20-51, 21-37 
for hybrid phase shifters, 13-62 
for printed dipoles, 13-58 
for slot antennas, 13-58 to 13-59 
for transmission types, 21-58, 21-60 
feeds for, 19-29 to 19-30 
for satellite antennas, 21-7 
TEM, 28-11, 28-16 
for waveguides, 21-57 to 21-58 
Structural integrity, measurements for, 
32-4 
Structural stopbands, 9-49 to 9-50, 9-55 
with log-periodic arrays, 9-64 to 9-65 
Structure bandwidth of log-periodic anten- 
nas, 9-17 
Structures 
effect of, on radiation patterns, 20-53 to 
20-54, 20-61 to 20-70 
and EMP, 30-4 to 30-7 
for simulation of environment, 20-8 
Stub-loaded transmission lines 
attentuation curves for, 9-52, 9-54 
dispersion curves for, 9-52, 9-54, 9-57 
Subarrays 
aperture illumination control with, 13-30 
to 13-32 
overlapped, 13-35 to 13-39, 19-68 to 19-76 
time-delayed, 13-32 to 13-35 
with unconstrained feeds, 19-52 
Subdomain procedures, 3-60 
Submarine communications, 23-16 
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Subreflectors 
of Cassegrain offset antenna, 15-67, 
15-69 
with reflector antennas, 15-7 
Subsectional moment methods, 3-60 
Substrates 
for integrated antennas, 17-131 
for microstrip antennas, 10-5, 17-107, 
17-109 to 17-111, 17-114, 17-122 
dipole, 17-124 to 17-129 
Substructures for simulation of environ- 
ments, 20-8 
Sum beams with beam-forming feed net- 
works, 18-25 
Sum-hybrid mode with microstrip anten- 
nas, 10-60 to 10-61 
Sun 
and ionospheric propagation, 29-14, 
29-25 
noise from, 29-51 
Superdirective arrays, 11-61, 11-68 to 
11-70 
aperiodic, 14-3 
Supergain antennas, 5-27 
arrays, 11-61 . 
Superstrates with microstrip dipoles, 
17-127 to 17-128 
Superturnstile tv antennas, 27-23 to 27-24 
Surface corrugations 
for dielectric grating antennas, 17-64 
with periodic dielectric antennas, 17-48 
Surface current 
decays of, with corrugated horn anten- 
nas, 8-52 to 8-54 
measurement of, 33-5 to 33-6 
and PO, 2-26 to 2-27 
and PTD, 4-103 
Surface-diffracted waves with UTD, 4-57 
Surface emissivity and brightness temper- 
ature, 22-7 to 22-9, 22-15 
Surface errors of reflector antennas, 
15-105 to 15-114 
and gain, 17-12 
Surface fields 
equivalent currents for, 5-8 
with UTD, 4-84 to 4-89 
Surface impedances 
and computer solutions, 3-54 
and modeling, 32-68 
Surface integration method, 31-24 to 
31-25 
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Surface mismatches with dielectric lenses, 
16-54 to 16-56, 21-19 
Surface Patch modeling code, 3-88 to 
3-91 
Surface perturbations for dielectric grating 
antennas, 17-70 to 17-71 
Surface propagation, 29-30 to 29-47 
Surface-ray field 
in GTD, 4-30 
in UTD, 4-58, 4-84 to 4-86 
Surface-ray launching coefficients, 4-70 
Surface representation of lens antennas, 
21-13 
Surface resistance, waveguide, 1-43 
Surface roughness and conduction loss, 
17-111, 22-31 
Surface shadow boundary 
and GO fields, 4-13, 4-17 
and UTD, 4-50 to 4-51, 4-56 
transition regions, 4-58 to 4-59 
Surface tolerances 
with lenses, 21-18 to 21-19 
with reflector satellite antennas, 21-23, 
21-24, 21-26 
Surface-wave antennas, 17-34 
periodic dielectric,17-48 to 17-82 
tapered-rod, 17-35 to 17-48 
Surface-wave launchers, 17-46 
Surface waves 
with integrated antennas, 17-137 
for leaky-wave antennas, 17-100 
propagation with, 29-44 to 29-46 
from substrates, 17-122, 17-129 
Susceptance 
with microstrip antennas, 10-7, 10-9 
with thin-wire antennas, 7-14 to 7-17 
Suspended substrate transmission types, 
21-59, 21-60 
Switch beam-forming networks, 21-30 to 
21-32 
Switched-line phase shifters, 13-62 to 
13-63, 18-13 
Switches for beam-forming networks, 
21-7, 21-37 to 21-38 
Switching networks with Wheeler Lab ap- 
proach, 19-105 to 19-106 
Switching speeds of phase shifters, 18-16 
Swr 


and feed cables, for log-spiral antennas, 
9-78, 9-80 
and image impedance, 9-55 


1-62 


Swr (cont.) 
and log-periodic antennas, 9-27, 9-28 
dipole array, 9-58 to 9-59 
dipole scale factor, 9-27, 9-28 
and О, in dipole arrays, 9-61 
Symmetrical directional couplers, 21-50, 
21-51 
Symmetric parabolic reflectors. See Offset 
parabolic reflectors 
Symmetry 
and computer time and storage, 3-65, 3-67 
with Dolph-Chebyshev arrays, 11-52 
Synchronous satellites, 21-3 
Synthesis methods 
for array patterns, 11-42 to 11-43, 11-76 
to 11-86 
with multibeam antennas, 21-65 
for plane waves, 33-21 to 33-22 
Synthetic aperture radar (SAR), 22-30 
Systematic errors 
with microwave radiometers, 22-23, 
22-25 to 22-28 
and phased array design, 18-26 to 18-28 
System losses, power for, 26-36 to 26-37 


TACOL structure, 19-56 
Tangential fields, 5-7 to 5-9 
with thin-wire antennas, 7-5 to 7-6 
Taper-control lenses, 16-33 to 16-38 
Tapered anechoic chambers, 32-26 to 
32-28 
Tapered aperture distributions 
with parallel feed networks, 19-6 
with radial transmission line feeds, 
19-31, 19-33 
for reflector antennas, 15-15 to 15-23 
with series feed networks, 19-5 
Tapered-arm log-periodic zigzag antennas, 
9-37 to 9-39 
Tapered dielectric-rod antennas, 17-34 to 
17-48 
for integrated antennas, 17-133 to 17-134 
Tapered septum polarizer, 13-60 to 13-61 
Taperline baluns, 9-95 
Taylor line source pattern synthesis, 13-25 
to 13-27 
TDRSS (Tracking and Data Relay Satellite 
System), 21-67 to 21-71 
TE field. See Transverse electric fields 
TE/TM. See Transverse-electric/trans- 
verse-magnetic waveguides 
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TEC (total electron content), 29-15 to 
29-16 
Tee-bars for multiple-antenna installations, 
27-37 
Tee power dividers, 13-61, 26-40 to 26-41, 
27-13, 27-15, 27-17 
Teflon sphere lens antennas, 17-17 to 
17-18 А 
Television broadcast antennas, 27-3 (о 
27-8 
batwing, 27-23 to 27-24 
circularly polarized, 27-8 to 27-9 
helical, 27-15 to 27-19 
side-mount, 27-20 to 27-23 
horizontally polarized, 27-23 
multiple, 27-37 to 27-40 
sidefire helical, 27-24 to 27-26 
skewed dipole, 27-11 to 27-15 
slot 
coaxial, 27-28 to 27-29 
traveling-wave, 27-26 to 27-27 
waveguide, 27-29 to 27-31 
uhf, 27-27 to 27-28 
vee dipole array, 27-9 to 27-11 
zigzag, 27-31 to 27-32 
TEM. See Transverse-electromagnetic 
fields 
Temperature inversion layers and scintilla- 
tions, 29-20 
Temperature probes, implantable, 24-50 to 
24-51 
Temperature sensitivity of microwave ra- 
diometers, 22-21 to 22-22, 22-23 
Temperature sounders 
and AMSU-A, 22-51 
for oxygen band, 22-16, 22-20 
for remote sensing, 22-13 to 22-14 
Theoretical am antenna pattern, 26-34 to 
26-36 
Theory of uniform-periodic structures. See 
Periodic structure theory 
Therapy, medical. See Hyperthermia 
Thermal considerations with satellite an- 
tennas, 22-46 
Thermal distortion, 21-28 to 21-29, 21-57 
Thermal noise, 2-39 to 2-43, 29-50 
Thermal temperature and sea surface em- 
issivity, 22-14 
Thermal therapy. See Hyperthermia 
Thermistor detectors with implantable 
temperature probes, 24-50 
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Thermocoupler detectors for rf radiation, 
24-37 
Thermographic cameras, 24-51 
Thevenin's theorem for receiving antenna 
load, 6-3, 6-4 
Thick dipole, 3-28 
Thickness of lenses, 16-10 to 16-13. See 
also Zoning of lenses 
constrained, 16-43 to 16-44 
spherical, 16-27 to 16-29 
and surface tolerance, 21-18 
taper-control, 16-36 
Thin dipole, 3-28 
Thin-wall radome design, 31-17 
Thin-wire antennas, 7-5 to 7-11 
and computer solutions, 3-54 
integral equations for, 3-44 to 3-46 
log-periodic zigzag, 9-45 to 9-47 
loop, 7-42 to 7-48 
receiving, 7-18 to 7-19 
time-domain analyses of, 3-51 to 3-52 
transmitting, 7-12 to 7-18 
Thin-Wire Time Domain modeling code, 
3-87 to 3-95 
Three-antenna measurement methods 
for gain, 32-44, 32-46 
for polarization, 32-60 to 32-61 
Three-axis stabilized satellites, 22-43 to 
22-44 
Three-wire transmission lines, 28-12 
Through-the-earth communications. See 
Geophysical applications 
Thunderstorms, noise from, 29-50 
TID (traveling ionospheric disturbances), 
29-25 
Tilt angle and polarization, 32-51 to 32-53 
with polarization ellipse, 1-16 
with polarization pattern method, 32-62 
with reflector antennas, 15-48, 15-69 to 
15-70, 15-72 to 15-73 
Time-averaged power, 1-7 to 1-8, 3-11 
for modal fields, 1-46 
in rectangular waveguides, 1-39 
Time delay 
with constrained analog of dielectric 
lenses, 16-51 
with constrained lenses, 16-44 to 16-46 
feed systems with 
matrix feed for beam-forming feed 
networks, 18-23, 18-25 
partial, 19-52, 19-68 
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true, 19-7 to 19-8, 19-54, 19-76 to 
19-91 
lenses for, 16-45 to 16-46, 16-54 
offset beams with, 13-39 to 13-41 
steering with 
with periodic arrays, 13-7 to 13-8 
with subarrays, 13-32 to 13-35 
with subarrays 
and continguous subarrays, 13-32 to 
13-35 р 
wideband characteristics of, 13-32 
Time-domain 
compared to frequency-domain, 3-65 to 
3-66, 3-82 
and EMP, 30-4 
integral equations in, 3-50 to 3-52 
method of moments in, 3-62 to 3-64 
Time-harmonic excitation 
for grounded wire antennas, 23-8 to 
23-12 
with loop antennas, 23-17 to 23-20 
Time-harmonic fields, 1-5 to 1-8, 3-6 to 3-8 
Tin-hat Rinehart lenses, 19-44, 19-46 to 
19-47 
TIROS-N satellite, 22-18 
planar scanning on, 22-36 to 22-37 
sounder units on, 22-14 
Tissue, human 
permittivity of, 24-12, 24-30 to 24-35, 
24-47 
phantoms for, 24-54 to 24-57 
power absorption by, 24-6 to 24-8 
radiation patterns in, 24-51 to 24-54 
TM field. See Transverse magnetic fields 
ТМГ microwave radiometer, 22-48 to 22-49 
T-network as power dividers and phase 
shifters, 13-61, 26-40 to 26-41, 27-13, 
27-15, 27-17 
Toeplitz matrix, 3-68 
Tolerance criteria for lenses, 16-16 to 16-20 
Top loading of short dipole, 6-13 
Topology with beam-forming networks, 
21-57 
Top-wall hybrid junction power division 
elements, 21-51 to 21-52 
Toroidal beams for T T & C, 21-89 
Toroidal ferrite phase shifters, 18-14, 21-40 
to 21-42 
Torsion factor, 4-87 
Total electron content and satellite-earth 
propagation, 29-15 to 29-16 
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Towers for am antennas. See also Two- 
tower antenna patterns 
height of, and electric-field strength, 
26-7 
mutual base impedance between, 26-12 
to 26-17 
self-base impedance of, 26-8 to 26-12 
vertical radiation pattern of, 26-3 to 26-9 
Tracking, telemetry, and command for 
satellite antennas, 21-89 to 21-111 
Tracking and Data Relay Satellite System, 
21-67 to 21-71 
Trailing-wire antennas, EMP responses 
for, 30-27, 30-31 
Transfer, microwave radiative, 22-4 to 
22-7 
Transformations 
of coordinates, 15-115 to 15-120 
distortion from, 11-57 
linear, 11-23 to 11-48 
of near-field data to far-field, 20-61 to 
20-62 
for scale models, 32-67, 32-69 
Transform feeds, 19-91 to 19-98 
Transient conditions, 3-51 
Transient excitation 
with grounded-wire antennas, 23-12 to 
23-16 
with loop antennas, 23-20 to 23-21 
Transient response 
of dipole antennas, 7-21 to 7-23 
of thin-wire antennas, 7-10 
Transionospheric satellite-earth propaga- 
tion, 29-14 to 29-15 
Transition function with UTD solutions, 
20-11 
Transition regions, 4-5 
and PTD, 4-104 
and UTD, 4-32, 4-58 to 4-59 
Translational symmetry and computer 
time and storage, 3-67 to 3-68 
Transmission lines, 2-27 to 2-28. See also 
Constrained feeds 
analytical validation of computer code 
for, 3-76 
for beam-forming networks, 21-56 to 
21-63 
with constrained lenses, 16-41 
current in, with folded dipoles, 7-38 to 
7-39 
equations for, 28-5 to 28-10 
impedance of, with folded dipoles, 7-41 


and input admittance computations, 
7-7 
with log-spiral conical antennas, 9-95 
for medical applications, 24-24 to 24-25 
for microstrip antennas, 10-7 to 10-10 
and mismatches, 1-24 
periodically loaded, 9-46 to 9-53, 9-57, 
9-59 to 9-60 
planar quasi-TEM, 28-30 to 28-35 
radiator, for feeds, 19-23 to 19-32 
resonator for, with dual-band elements, 
10-63, 10-67 
TEM, 28-10 to 28-29 
Transmission space-fed arrays, 21-34, 
21-35 
Transmission-type space feeds, 18-17 to 
18-19 
Transmitting antennas 
linear dipole, 7-12 to 7-18 
reciprocity of, with receiving antennas, 
2-32 to 2-36 
sources for, 2-29 to 2-30 
thin-wire, 7-8 
loop, 7-42 to 7-44 
Transmitting fields 
and effective length, 2-34 to 2-35 
and Kirchhoff approximation, 2-19 to 
2-21 
Transmitting systems for antenna ranges, 
32-30 to 32-32 
Transposition of conductors with log-peri- 
odic antennas, 9-14 to 9-16, 9-59 to 
9-60 
Transverse amplitude taper in antenna 
ranges, 32-14 
Transverse current in waveguides, 12-3 
Transverse electric fields 
and circular waveguides, 1-44 to 1-50 
in rectangular waveguides, 1-37 to 1-41, 
13-44 
representation of, 1-30 to 1-32 
Transverse electric/transverse magnetic 
waveguides, 21-56 to 21-57, 28-35 to 
28-47 
for medical applications, 24-9 to 24-12 
Transverse electromagnetic fields 
and chambers for calibration of field 
probes, 24-54 to 24-57 
lenses for, 21-16 
transmission lines for, 28-10 
balanced, 28-12, 28-13 
circular coaxial, 28-20 to 28-22 
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triplate stripline, 28-22 to 28-29 
two-wire, 28-11, 28-19 to 28-20 
and waveguide antennas 
for beam-forming networks, 21-56 to 
21-58 
for medical applications, 24-9 to 24-13 
Transverse magnetic fields 
and circular waveguides, 1-44 to 1-50 
in rectangular waveguides, 1-37 to 1-41 
representation of, 1-30 to 1-32 
Transverse modes for leaky-wave anten- 
nas, 17-86, 17-88 
Transverse slots, mutual coupling with, 
12-30 to 12-31 
Trapezoidal-tooth log-periodic antennas, 
9-37 to 9-38 
Trapped image-guide antenna, 17-49, 21-62 
Trapped inverted microstrip transmission 
type, 21-59, 21-61 
Trapped-miner problem, 23-23 to 23-24 
Trapped surface waves, 29-45 
Traveling ionospheric disturbances, 29-25 
Traveling-wave antennas, 3-16, 3-18 
arrays 
for microstrip antennas, 17-118 to 
17-119 
microstrip patch resonator, 17-103 to 
17-106, 17-114 to 17-115 
television 
sidefire helical, 27-24 to 27-26 
slot, 27-26 to 27-27 
Traveling-wave-fed arrays, 12-5 
linear array of edge slots, 12-26 
longitudinal slots, 12-16 to 12-20 
planar, 12-23 to 12-24 
Triangular-aperture antennas, 3-24 
Triangular lattices 
field representation of, 1-35 
for phased-array radiators, 18-9 to 18-10 
Triangular patches, 10-18 
Triangular planar arrays and grating lobes, 
13-16 to 13-17 
Triangular-tooth log-periodic antennas, 
9-37 to 9-38 
Trifocal bootlace lenses, 16-47 
Triplate striplines, 28-22, 28-26 to 28-29 
impedance of, 28-17 
Tropical Rainfall Measurement Mission 
(TRMM), 22-48 to 22-49 
Troposphere and tropospheric propaga- 
tion, 29-30 to 29-47 
permittivity and conductivity of, 29-31 
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scatter propagation by, 29-46 to 29-47 
scintillations caused by, 29-20 
True-time-delay feed systems, 19-7 to 
19-8, 19-54, 19-76 to 19-91 
Truncation 
of aperiodic arrays, 14-20 
with log-periodic antennas, 9-4 to 9-5, 
9-8 
of log-spiral antennas, 9-72 to 9-73 
conical, 9-79, 9-84, 9-89 to 9-90, 9-95 
to 9-97 
with microstrip antennas, 10-23 to 10-24 
and mutual coupling, 12-29, 12-34 
with optical devices, 19-98 
and scanning range errors, 33-17 
T T & C (tracking, telemetry, and com- 
mand), 21-89 to 21-111 
Tumors. See Hyperthermia 
Turbulence, scintillation due to, 29-36 
Turnstile antennas, 3-29 
phased arrays for satellite antennas, 
21-12 
with radial transmission line feeds, 
19-24, 19-26 to 19-27 
TV. See Television broadcast antennas 
TVRO (television receiving only) anten- 
nas, 6-25 to 6-32 
Twin-boom construction for log-periodic 
dipole antennas, 9-15 to 9-16 
Twist reflector for millimeter-wave anten- 
nas, 17-11 
Two-antenna gain measurement method, 
32-43 to 32-44, 32-46 
Two-dimensional arrays, 13-8, 13-9 
Dolph-Chebyshev planar, 11-49 to 11-52 
Two-dimensional lenses 
aberrations in, 16-19 
waveguide, 16-42 to 16-43 
Two-dimensional multiple-beam matrices, 
19-11 to 19-12 
Two-layer lenses, 17-15 to 17-18 
Two-layer pillbox, 19-17 to 19-23 
Two-parameter model for reflector anten- 
nas, 15-15 to 15-18 
Two planes, arrays scanned in, 13-15 to 
13-17 
Two-point calibration method, 22-25 to 
22-26 
Two-terminal stopbands, 9-49 to 9-50 
with log-periodic diode arrays, 9-65 
phase shift in, 9-58 
Two-tower antenna patterns, 26-22 to 26-24 
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Two-tower antenna patterns (cont.) 
horizontal electric-field strength with, 
` 26-30 to 26-34 
mutual impedance of, 26-12 to 26-13 
Two-wire transmission lines, 28-12 
field configuration of, 28-19 
impedance of, 7-39, 28-11, 28-14, 28-15, 
28-20 
validation of computer code for, 3-76 
TWTD (Thin-Wire Time Domain) model- 
ing code, 3-87 to 3-95 


UAT (uniform asymptotic theory), 4-5 
for edges, 4-32, 4-40 to 4-43 
Uhf antennas, 27-3, 27-27 to 27-28 
bandwidth and gain of, 27-7 
EMP responses for, 30-17, 30-20 to 
30-21 
and ionospheric propagation, 29-28 to 
29-30 
_ slot, 27-29 to 27-31 
Unconstrained feeds, 18-23 to 18-24, 19-49 
to 19-54, 21-34 
limited scan, 19-56 to 19-76 
wide field of view, 19-54 to 19-56, 19-76 
to 19-91 
Underground communications, 23-3 
grounded-wire antennas for, 23-8 to 
23-17 
loop antennas for, 23-17 to 23-23 
Uniform aperture distributions, 5-11 to 
5-13 
far-zone characteristics of, 3-23 
near-field reduction factors for, 5-30 to 
5-31 
phase distortion with, 15-109 
radiation pattern with, 21-17 
Uniform broadside linear arrays, 11-15 
Uniform circular arrays, 11-46 to 
11-47 
Uniform dielectric layers, 17-65 
Uniform diffracted fields, 20-44 
Uniform dyadic edge-diffraction coeffi- 
cient, 4-32 to 4-33 
Uniform end-fire linear array, 11-15 
Uniform geometrical theory of diffraction, 
4-5 
for complex environment simulations, 
20-4 
with convex surfaces 
mutual coupling, 4-84 to 4-96 
radiation, 4-63 to 4-84 
scattering, 4-50 to 4-63 


for edges, 4-32 to 4-38 
for numerical solutions. See Numerical 
solutions 
for vertices, 4-43 to 4-48 
Uniform hemispherical radiators 
characteristics of, 26-9 
electric-field strength of, 26-27 to 26-29 
Uniform linear arrays, 11-11 to 11-13 
Uniformly perturbed millimeter wave- 
guides, 17-35 ‘ 
Uniform reflected fields, 20-43 
Uniform spherical radiators, 26-8 
Uniform structures. See Periodic struc- 
tures 
Uniform-waveguide leaky-wave antennas, 
17-35, 17-82 to 17-103 | 
Unilateral fin lines, 28-55 
Universal curves 
of E-plane horn antennas, 8-10, 8-13 to 
8-14 
of H-plane horn antennas, 8-23, 8-27 to 
8-29 
Unknowns, and computer storage and 
time, 3-57 
Unloaded linear dipole antennas 
receiving, 7-18 to 7-19 
transmitting, 7-12 to 7-18 
Updating of computer models, 3-68 
Uplink transmitters for satellite tv, 6-25 to 
6-26 
Upper frequency limit, 9-73 
of log-spiral antennas, 9-75 
Use assistance with computer models, 
3-68 
UTD. See Uniform geometrical theory of 
diffraction 


Validation of computer code, 3-55, 3-72 to 
3-80 
Varactor diodes 
with microstrip antennas, 10-67, 10-70 
in phase shifters, 18-13, 21-40 
Variable amplitude networks, 21-33 to 
21-34 
Variable offset long-slot arrays, 17-26 
Variable phase networks, 21-33 to 21-34 
Variable phase shifters 
for beam-forming networks 
scanned, 21-38 to 21-43 
switched, 21-32 
for gain ripple with feed arrays, 21-27 
with Wheeler Lab approach, 19-105, 
19-107 
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Variable power dividers 
for beam-forming networks 
scanned 21-43 to 21-49 
switched, 21-32 to 21-33 
for gain ripple with feed arrays, 21-27 
quantization errors with, 21-12 
Vector effective area, 6-5 to 6-6 
Vector effective height, 6-3 to 6-6 
and power ratio, 6-8 to 6-9 
of short dipole, 6-12 
with UTD solutions, 20-6 
Vector far-field patterns, 7-8 
Vector wave equation, 2-7 to 2-8 
Vee dipole tv antennas, 27-9 to 27-11 
Vegetation and surface emissivity, 22-10, 
22-15 
Vehicular antennas, 32-9, 32-19 
Vehicular-mounted interferometers, 25-21 
to 25-23 
Vertical antennas, radiation resistance of, 
6-16 
Vertical current element, 26-9 
Vertical full-wave loops, 3-31 
Vertical optimization, 11-82 to 11-83 
Vertical polarization 
for am antennas, 26-3 
with leaky-wave antennas, 17-94 
for microwave radiometers, 22-44 to 
22-46 
and surface emissivity, 22-8 
with surface-wave propagation, 29-44 to 
29-45 
Vertical radiation characteristics for am 
antennas, 26-3 to 26-8 
Vertical sounding, 23-4, 23-18 
Vertical stabilizers, simulation of, 20-73, 
20-82, 20-84 
Vertical transmitting loop antennas, 23-17 
Vertices 
GTD for, 4-30 to 4-31 
UTD for, 4-43 to 4-48 
Very high frequencies 
communication antennas for, and EMP, 
30-17, 30-20 to 30-24 
and ionospheric propagation, 29-21, 
29-28 to 29-30 
localizer antennas for, and EMP, 30-23, 
30-25 to 30-26 
marker beacon antennas for, and EMP, 
30-23, 30-27 to 30-28 
Very low frequencies 
ionospheric propagation of, 29-27 to 
29-28 
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trailing-wire antennas for, and ЕМР, 
30-27, 30-31 
Viscometric thermometers, 24-50 
Visible regions 
of linear arrays, 11-9 
and log-periodic arrays, 9-56 
with planar periodic arrays, 11-27 
single main beam in, 11-31 to 11-33 
Vokurka compact antenna range, 32-30 
Voltage-controlled variable power divid- 
ers, 21-46 to 21-47, 21-49 
Voltage reflection coefficient, 2-28 
of surfaces, 22-8 
for transmission lines, 28-7 
Voltages 
in biconical transmission line, 3-24 
diagrams of, with standard reference am 
antennas, 26-19 to 26-20 
mode, 12-13, 12-16 
in rectangular waveguide, 2-28 to 2-29 
slot, 12-10 to 12-12 
in transmission lines, 28-6 to 28-8 
with UTD solutions, 20-7 
Voltage source, ideal, 2-29 to 2-30 
Voltmeters for receiving antenna, 2-30 to 
2-32 
Vswr 
of corrugated horns, 15-97 
and couplers, 19-4 to 19-5 
and lens surface mismatch, 16-54 to 
16-55 
with log-periodic antennas 
front-to-back ratios in, 9-60 to 9-61 
zigzag, 9-42 to 9-44 
and log-spiral conical antennas imped- 
ances, 9-97, 9-107 
with microstrip antennas, 17-120 
with phase shifters, 21-40 to 21-41 
for pyramidal horns, 8-68 
and stopbands, 17-52, 17-81 
with transmission lines, 28-8 
of tv broadcast antennas, 27-3 


Wall currents in waveguides, 12-3, 12-4 
Water 
modeling of, 32-74 to 32-75 
remote sensing of, 22-15 
Water bolus for loop radiators in medical 
applications, 24-20, 24-22 
Water vapor 
absorption by, 29-35 
noise from, 29-51 
remote sensing of, 22-12 to 22-14, 22-22 


Watson-Watt direction-finding system, 
25-12 to 25-14 
Wavefronts 
aberrations in, and radomes, 31-7 to 
31-9 
incident, 4-15, 4-16 
and lenses, 16-6, 16-9 to 16-10 
and rays, 4-6 to 4-8 
Waveguide-fed slot arrays. See Slot ar- 
rays, waveguide-fed 
Waveguide feeds 
for beam-forming networks, 21-56 to 
21-58 
for reflector antennas, 15-5 
Waveguide hybrid ring waveguide power 
division elements, 21-50 to 21-52 
Waveguide lenses, 16-42 to 16-45, 21-16 
for satellite antennas, 21-71 to 21-77 
Waveguide loss. See also Leaky-wave an- 
tennas; Surface wave antennas 
circular, 1-49 
rectangular, 1-39 
with reflector antennas, 17-11 
Waveguide nonreciprocal ferrite phase 
shifters, 21-38 to 21-39 
Waveguide phased arrays, 21-12 
Waveguides, 2-27 to 2-29 
arrays of, 13-44 to 13-45, 13-57 
blindness in, 13-45, 13-47 to 13-49 
circular. See Circular waveguides 
coplanar, 28-30 to 28-35 
coupling of, to microstrip antennas, 
17-119 to 17-121 
hybrid-mode, 28-47 to 28-58 
impedance of, 2-28 to 2-29 
for medical applications, 24-9 to 24-18 
for microstrip patch resonator arrays, 
17-117 to 17-118 
open-ended, for reflector feeds, 15-89 to 
15-93, 15-104 to 15-105 
polarizers for, 13-60 to 13-61 
power divider elements for, 21-50 to 
21-52 
rectangular. See Rectangular wave- 
guides 
ridged, 28-45 to 28-49 
standard, 28-40 to 28-41 
TE/TM, 28-35 to 28-47 
uniformly perturbed millimeter, 17-35 
Waveguide slot radiators, 18-6, 18-10 
Waveguide slot tv antennas, 27-29 to 27-31 
Waveguide transmission lines, 21-37 


Wave impedances, 1-6, 1-13 to 1-14, 1-18 
to 1-19 
of hollow-tube waveguides, 28-36, 28-37 
and modeling, 32-68 
Wavelength, 1-6 to 1-7. See also Cutoff 
wavelength 
Wave number, 1-6 to 1-7 
Weapon-locating radar, limited scan, 19-56 
Weather forecasting, remote sensing for, 
22-13 to 22-15 
Wedge-diffraction and UTD solutions, 
20-11, 20-17 to 20-18 
coefficient of, 20-46 
Wedges, conducting, 1-10 
Weight functions in modeling codes, 3-83 
to 3-84 
Well logging, 23-24 to 23-25 
Wenner array for earth resistivity, 23-5, 
23-7 
Wheeler Lab approach to cylindrical array 
feeds, 19-105 to 19-107 
Wide-angle antennas, 17-29 to 17-30 
Wide-angle lenses 
dielectric, 16-19 to 16-33 
multiple-beam, 19-37, 19-80 to 19-85 
Wide-angle scanning 
and F/D ratios, 19-34 to 19-35 
lens antennas for, 17-15 
Wide antennas, leaky mode with, 17-53 to 
17-62 
Wideband conical horn antennas, 8-61 to 
8-62 
Wideband Satellite Experiment, 29-19 
Wideband scanning with broadband array 
feeds, 13-40 to 13-41 
Wide field of view unconstrained feeds, 
19-52, 19-54 to 19-56, 19-76 to 19-91 
Width : 
of dielectric grating antennas, 17-64 
main beam, with rectangular apertures, 
5-13 
of metal grating antennas, 17-68 to 
17-69 
of microstrip antennas, 10-8 
Wilkinson power dividers for array feeds, 
13-61 
Wind speed, remote sensing of, 22-14 
Wind sway, effect of, 27-38 
Wings, aircraft, simulation of, 20-37, 20-70 
to 20-71, 20-78, 20-80 
Winter anomaly period for ionospheric 
propagation, 29-25 


Wire-antennas, 7-5 to 7-11 
folded dipole, 7-37 to 7-40 
linear dipole, 7-11 to 7-23 
loop, 7-40 to 7-48 
sleeve, 7-23 to 7-37 
Wire diameter and radiation patterns, 
32-76, 32-79 
Wire objects, computer storage and time 
for, analysis of, 3-57 
Wire-outline log-periodic antennas, 9-13 
Wire problems 
subdomain procedures for, 3-60 
time-domain, 3-63 
Wullenweber arrays, 25-14 to 25-16 


X-band horn antennas, 8-41 to 8-42, 8-44 
to 8-45, 8-67 

X-polarized antennas, 1-28 

XY-scanners, 33-19 


Yagi-Uda antennas, 32-76 
Yardarm, shipboard, simulation of, 20-93 
to 20-94 


Yield of crops, forecasting of, 22-15 
Y-polarized antennas, 1-28 


Zernike cylindrical polynomials, 16-13 
Zero-bias diodes, 24-43 
Zeroes of the Airy function, 4-59 
Zeroes of Bessel functions, 1-45 
Zeroes of W, 4-89 
Zigzag antennas. See also Log-periodic 
zigzag antennas . 
dipoles, as E-field probes, 24-39 to 24-40 
tv, 27-31 to 27-32 
wire, 9-33 to 9-38 
Zone-plate lens antennas, 17-20, 17-22 
Zones, FCC allocation and assignment, 
27-4 
Zoning of lenses, 16-6, 16-28 to 16-30 
and bandwidth, 16-54 to 16-55, 21-16 
with constrained lenses, 16-43 to 16-45 
with dielectric lenses, 16-38 to 16-41 
with equal group delay lenses, 16-46 
with millimeter-wave antennas, 17-15, 
17-19 to 17-21 


